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Abstract
A poly(arylene ether sulfone) known as KM 180 is investigated as a suitable material 
for fuel cell membranes when sulfonated. The literature relating to this class of 
materials, sulfonation and fuel cell applications is reviewed and sulfonation and 
stabilisation of the polymer selected as areas of interest. The literature relating to the 
chain extension and crosslinking of polymers to add stability has also been reviewed. 
Sulfonic acids and sulphur trioxide complexes are used to sulfonate KM 180 and 
chlorosulfonic acid selected as the most suitable. This sulfonation is then optimised to 
give a repeatable result. End group reactions with acid chlorides, pyromellitic 
dianhydride and Cymel 350 (a trifunctional crosslinking agent) are investigated in 
order to strengthen the polymer. It is found that catalysis is necessary. Pyromellitic 
dianhydride and Cymel 350 are selected for further study. Sulfination, activation by 
carbonyl diimidazole and interaction with butyltin hydroxide oxide are all attempted 
to strengthen the polymer through interactions of sulfonic acid sidechains. The 
interaction with butyltin hydroxide oxide is not seen. Membranes are prepared from 
KM 180 sulfonated using chlorosulfonic acid and modified with pyromellitic 
dianhydride, Cymel 350, sulfinated KM180 and carbonyl diimidazole. These are 
compared to membranes prepared from high molecular weight KM polymer and 
KM180 sulfonated using chlorosulfonic acid and sulfuric acid in terms of stability and 
proton conductivity. The aggregation of sulfonic acid groups is considered to be the 
most important factor for proton conductivity and the molecular weight was 
considered most important for stability. The conflict of these is discussed. 
Suggestions are made for further work.
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CHAPTER 1: INTRODUCTION
Chapter 1: Introduction
1.1 Aims
In recent years it has become apparent that fossil fuels are a finite resource and that 
alternative technologies must be found to replace them. Most of the electricity used on a 
daily basis comes from fossil-fuelled power stations and the internal combustion engines 
used for automotive systems also require fossil-based fuels. There are many renewable 
sources o f energy such as wind, wave, wood, biomass, and brewed alcohols, but those 
which are combustion based still emit large quantities of pollutant gases. The fuel cell is a 
power generation system which can greatly reduce pollutant output and increase the 
efficiency of energy release without the need for large scale installations.
Polymer electrolyte fuel cells have been a successful solution to these problems in small 
scale power applications, but the cost of the fuel cell is high, with one factor being the 
cost o f the electrolyte membrane. Other factors o f membrane performance, such as 
stability and ionic conductivity, could be improved on and thus other electrolyte materials 
are being sought. A poly(arylene ether) known as KM180 has been proposed for use as 
an electrolyte material and this thesis details an investigation o f the modification o f this 
material to fit this application.
The aims o f the work were to investigate the functionalisation o f ICM180 to form the 
polyelectrolyte; to strengthen the material for use in a fuel cell environment; to form 
membranes from the material and evaluate their usefulness as proton conductors; to test 
the stability of these membranes in various conditions. There are many aspects o f fuel 
cell systems and polymer systems which are pertinent to this work.
2
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1.2 Fuel Cells
William Grove, a Welsh physicist, first demonstrated the concept o f a fuel cell in 18391. 
Grove reversed the concept o f electrolysis o f water to form hydrogen and oxygen using 
his 'gas voltaic battery', combining the two to make water. His apparatus consisted of 
platinum strips surrounded by hydrogen and oxygen and immersed in an acidic 
electrolyte. This system is the forerunner of the modem phosphoric acid fuel cell (section 
1.2.2.4) but suffered from inconsistencies of performance. Grove spent time, as do fuel 
cell researchers today, investigating electrolytes to improve cell performance but the 
technology remained a laboratory curiosity until the 1960s. Further work on electrolyte 
systems during the 1900-1920s did, however, give rise to the solid oxide2 and carbonate 
fuel cells3 with subsequent work by Grub giving rise to polymer fuel cells in 19594. The 
technology was first put to commercial use in the space programme in the form of the 
alkali fuel cell developed by Dr. Francis T. Bacon© These cells provided drinking water 
and some heat for the spacecraft and showed the versatility o f the fuel cell. The simplicity 
of the system was also o f importance so that repairs could be made 'in-flight' by 
astronauts who were not specialists in the technology.
Gas Permeable electrode 
Catalyst 
Proton Conducting Electrolyte
Anode Cathode
Figure 1.1 Schematic diagram of a proton conducting fuel cell
In simple terms a fuel cell is an apparatus, which can combine hydrogen and oxygen 
electrochemically, to produce water. This is analogous to the combustion o f hydrogen in 
air but, by carrying this out electrochemically, the process can be controlled, and
3
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electricity produced directly, thus increasing the efficiency. The catalytic breakdown of 
hydrogen in the cell illustrated above (Figure 1.1) leads to the release o f protons and 
electrons. The electrons are passed through an external circuit to provide an electric 
current and the protons are passed through an electrolyte to complete the circuit and 
allow the current to flow. Protons and electrons are then catalytically recombined with 
oxygen to form water. This is the most basic form of the fuel cell, as developed by Grove, 
with proton conduction being the electrolyte function. This cell is chosen to illustrate the 
type o f cell that is involved in this work.
1.2.1 Proton conduction
The half reactions for the proton conducting cell are described below:
Anode:
Cathode:
Overall:
The half reactions for the other kinds o f fuel cell mechanisms will be discussed later.
Both the acidic and polyelectrolytic fuel cells involve the conduction o f protons, as do 
some novel solid oxide systems6’7,8, but proton conduction is a special case because the 
proton itself possesses no electronic shell and is consequently acted upon by the electron 
density in its immediate vicinity. One result o f these interactions can be the formation o f  
hydrogen bonds with atoms such as oxygen, assuming no larger electronegativity exists 
in the surrounding area. This gives rise to the two main mechanisms o f proton 
conduction.
In these two mechanisms o f proton conduction the proton is guided by external electron 
density along its entire path9. In the simplest case the large electron rich species remain 
static and the protons are transferred between them by reorganisation o f the proton 
environments, the second mechanism relies on mobile larger species to provide the 
conduction.
H2
1/20 2 + 2H+ + 2e' 
H2 + /402
2H + 2e' 
H20
h 2o
4
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111 the first mechanism10 the proton pathway involves the rapid reorganisation o f solvent 
dipoles to provide a movement in one direction and give an uninterrupted path for proton 
migration. In other words the protons hop between sites o f electron density along a 
defined path. This is the mechanism that is thought to apply to proton conduction in bulk 
water, the Grotthuss mechanism11. In this case the reorganisation o f solvent dipoles is 
through hydrogen bonding which means that the proton is free to move throughout the 
water. In another electrolyte, however, the reorganisation of electron density is more 
hindered and this means that the density o f sites to which the proton migrates within the 
material has a large part to play in the conduction of the proton. In a polymeric material 
for example, the organisation o f polymer chains will greatly influence this.
The second mechanism for proton conduction can also be explained in terms o f the 
Grotthuss mechanism10'11. In this case, the conduction relies upon the translational 
dynamics o f a larger species and the proton diffuses through the medium along with a 
larger species, most usually with H20  as H30+. Here we can assume that the H3O4 ion is 
analogous to the proton in the previous case and that the polyeleetrolyte is analogous to 
the water (or any other electrolyte). The H30+ ion hops between the groups on the 
electrolyte thus inducing an opposite diffusion of water and a net transport o f protons. 
Consequently, the proton conduction is reliant 011 the diffusion characteristics o f the 
larger species. The use o f hydrated polymer electrolytes provides, in most cases, the 
creation of initial H3O4 ions through dissociation of the ionic group on the polymer. This 
effectively ‘activates’ the water present in the membrane without which the conduction o f  
protons through the material would need to be initiated in some other way. This is the 
mechanism that is generally thought to apply to polymer electrolyte based systems where 
there is a need for water as a conduction medium.
The catalytic steps in this type o f fuel cell require very pine hydrogen to be used to avoid 
catalyst poisoning, electrolyte conductivity then becomes the limiting factor in the cell. 
This is why the choice of electrolyte is critical in the efficiency o f any cell. The need for 
pure hydrogen is due to the poisoning of platinum catalysts with CO if  there is any 
present in the fuel gas or from reforming steps (Section 1.2.3). These basic concepts
5
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remain in all o f the fuel cells used today, but today’s fuel cells take 011 a variety of forms 
characterised by electrolyte type.
1.2.2 Types
• 19Electrolytes fall into several general categories , although the two which are most used 
are solid oxide and polymeric, the latter being the subject of the work presented here. 
Polymer based electrolytes are generally o f the proton conducting type (though base 
functionalised polymers are now being investigated13) and solid oxide systems are of the 
oxide conducting type (though proton conducting solid oxide systems are known7"8).
Table 1.1 Summary of fuel cell types
TYPE ELECTROLYTE POWER 
(% of theoretical 
output)
TEMPERATURE USE
Alkaline Potassium Hydroxide 40-50 50-90°C Space; standby 
power
Proton exchange 
membrane
Solid Polymer 40-50 50-125°C Space; transport; 
standby power
Phosphoric acid Orthophosphoric
Acid
40-45 180-210°C Cogeneration; peak 
sharing; transport
Molten Carbonate Lithium + Potassium 
Carbonate
50-60 630-650°C Intermediate power; 
cogeneration
Solid Oxide Stabilised Zirconia 50-60 900-1000°C Intermediate power; 
cogeneration
Direct Methanol Sulfuric acid or 
polymer
30-40 50-120°C Remote Power; 
Transport
1.2.2.1 Polymer
The polymer fuel cell is a proven technology having been successfully commercialised, 
though in a small marketplace. The uses o f this type of cell range from the short term 
powering o f mobile phones to long-term application in cars, with many companies 
investing in research into this field. The principle is the same as that detailed previously 
(Section 1.2.1) but the membranes used are of paramount importance to the efficacy o f
6
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the cell and especially functional group aggregation to provide pathways for proton 
conduction. Although many materials have been proposed for this type o f fuel cell a 
perfluorinated ionomer called Nafion is the one which is most widely used, but it is 
comparatively expensive. The materials used to make membranes are the subject of much 
research which will be discussed later.
The other main issues with the polyelectrolyte fuel cell are catalyst compatibility and 
temperature ranges. As discussed elsewhere, the need for pure hydrogen fuel stems from 
the low operating temperature which leaves catalysts prone to CO poisoning, but it is 
precisely because of their low operating temperature, and low chemical hazard, that these 
polymer electrolyte types o f fuel cell are o f particular interest for domestic and 
automotive applications. In addition to the low hazard and temperature, polymer 
electrolyte membrane fuel cells are also advantageous because they offer a lOx higher 
power density than any other commercial type14. The polymer electrolyte membrane also 
greatly reduces corrosion o f the electrodes compared to liquid electrolyte fuel cells15.
1.2.2.2 Solid oxide
The solid oxide fuel cell is also the subject o f continued research and has been used to 
provide power in a commercial setting16. The use o f this technology for buses and backup 
power is also well known. The high operation temperature and generally large size o f 
stacks o f these cells does, however, preclude use on a domestic scale.
The principle o f operation is essentially that which was discussed earlier (Section 1.2, 
Figure 1.1), but reversed. Rather than the hydrogen being split into protons and electrons, 
the oxygen is split into oxide ions by the electrons arriving at the cathode from the 
external circuit.
7
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Half reactions for the oxide ion conducting cell17
Anode:
Cathode:
Overall:
H2 + O2’ ->
V2O2 + 2e' —>
II2 + V2O2
H20  + 2 e" 
02 “
H20
This produces oxide ions, which are then transported via an oxide ion conductor to the 
anode where they are combined with hydrogen to form water and electrons. The 
electrolytes used are generally solid oxide ceramic materials which, although they do not 
leak, can crack. Owing to the high operating temperature, which limits applications, there 
is no need for pure hydrogen fuel as catalyst poisoning does not occur at these 
temperatures.
This type o f fuel cell electrolyte has been extensively researched and many modifications 
o f existing ceramics provide strong oxide ion conduction. This type o f material has been 
combined with polymer electrolytes to form composite electrolyte systems18 for use at 
temperatures between that o f the solid oxide and polymer thus reducing hazards o f high 
temperature and catalyst poisoning effects. Another anion conducting system is the 
alkaline fuel cell.
1.2.2.3 Alkaline5’6
The alkaline fuel cell uses a simple hydroxide as electrolyte merely replacing the flow of 
protons with an opposite flow o f hydroxide ions. As with the solid oxide cell it is the 
anode where water is produced rather than the cathode. A high purity o f hydrogen is still 
required in these cells to avoid degradation of the electrolyte despite the operating 
temperature reducing catalyst poisoning. The chemical hazard of this technology also 
makes alternatives more attractive. Any liquid electrolyte system operating at above 
100°C is liable to leaking and this'limits application o f alkali fuel cells. With proper 
precautions these cells are, however, simple and effective which is why they were chosen 
for use in the NASA space programme.
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1.2.2.4 Phosphoric acid6’12
In this cell the phosphoric acid is the liquid electrolyte and the operation temperature is 
around 200°C. This causes problems with chemical hazard and leakage as in the alkali 
cell thus use in small or mobile applications is not practical. The principle o f operation is 
that described in Section 1.2 whereby protons are passed through the electrolyte to the 
anode and combined with oxygen to make water. The operation temperature limits 
catalyst poisoning, but any sulfur impurities must be removed to avoid electrolyte 
contamination. The acidic electrolyte also causes electrode corrosion problems.
1.2.2.5 Carbonate3,6
The carbonate fuel cell uses a molten carbonate electrolyte and is only applicable for 
large scale installations as the operation temperature is so high. It is also not practical to 
make small scale versions o f this cell due to the containment issues of a liquid electrolyte 
o f this type. The principle of operation is that a carbonate salt is heated to above its 
melting point and oxide ions are passed through this as components o f carbonate ions. In 
other respects the operation is like that of the solid oxide fuel cell, although extra carbon 
dioxide is mixed with the oxygen at the cathode to replace that which is lost from the 
electrolyte at the anode. The high temperature o f operation gives protection from catalyst 
poisoning, nickel based catalysts can be used and are cheaper than the platinum based 
ones used in other cells. The electrolyte is used up in the process thus requiring the 
injection o f additional carbon dioxide. These cells are very cost effective once rumiing 
but the infrastructure required makes them impractical for all but large scale installations.
1.2.3 Fuel types
1.2.3.1 Hydrogen
Each type of cell has its own particular requirements with the provision o f hydrogen 
becoming an increasing concern as it is the primary fuel for most commercialised fuel 
cell systems. In 2004 the Department of Energy in the United States o f America 
announced a $350 million programme of research and development toward a hydrogen 
economy19. Current hydrogen production is from fossil fuels in the most part with some 
also produced by electrolysis of water for local use. The problem o f depleting fossil fuels
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will not be solved by moving to a hydrogen economy unless the production of hydrogen 
comes from some other source. While most of the new techniques for the use of hydrogen 
involve renewable electricity generation methods for electrolysis, methods o f producing 
hydrogen from biomass and bioorganism activity are also known. All o f these methods 
do, however, leave a fuel which needs much reforming to be pure enough for the polymer 
electrolyte membrane fuel cell. The low temperature o f operation means that fuel gas for 
current systems must be very pme unless a complicated fuel reforming system is 
employed14. Other types o f cell which operate at higher temperatures can use less pure 
‘hydrogen rich’ gas which contains significant amounts of carbon dioxide. A change to 
different catalysts can even lead to the use of butane and other hydrocarbons, though 
none o f these solve the problems of fossil fuel use.
Storage o f hydrogen is also o f concern as it is a potentially explosive gas and must be 
stored under pressure to be viable. The systems required for storage o f hydrogen for 
domestic automobiles limits the range o f such a vehicle to around 300 miles with 
considerable loss o f luggage space and raises the cost of the vehicle. The infrastructure 
problems with hydrogen are why other fuels such as methanol are being investigated.
1.2.3.2 Methanol20
The use o f alternative fuels to hydrogen would be o f major benefit to the 
commercialisation of the fuel cell because the current fuel infrastructure is set up for 
liquids (petrol and diesel) and switching to a gaseous fuel like hydrogen requires 
considerable initial investment. Companies in the retail fuel sector must invest in order to 
create a domestic market for hydrogen power. Switching to methanol as a fuel would, 
however, lessen the commitment required by such companies to bring the fuel cell car 
into the mass market. The major problems with running on methanol lie in two areas; 
catalyst and electrolyte. In the polymer electrolyte cell the use of methanol requires that 
the catalyst is protected from carbon monoxide poisoning. This is achievable at above 
100°C, but most membranes require water to conduct protons and many electrolyte 
materials are permeable to or weakened by methanol. As discussed earlier, the use of non
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hydrogen fuels requires novel membrane and catalyst systems to allow the use o f a 
methanol fuel in a polymer electrolyte system.
With an acidic electrolyte (Table 1.1) these problems still exist along with electrode 
corrosion concerns and, although the higher operating temperature lessens the catalyst 
poisoning from carbon monoxide, sulfur impurities can degrade the electrolyte in this 
system. The chemical hazard associated with a liquid acid electrolyte operating above 
100°C also limits the application of these cells.
1.2.3.3 Biogas
Anaerobic digestion is used by many wastewater treatment plants to improve the purity o f 
wastewater being returned to the waterways21. Because this process involves the 
breakdown o f biological waste by bacteria, a major by-product is methane. This can then 
be used with a solid oxide electrolyte fuel cell to produce power. The methane does, 
however, require purification before it is put through the cell as there are CO, sulphur and 
halogen containing impurities. New methods for the production o f alcohols and methane 
from renewable biological sources offer a wide range o f possibilities for powering fuel 
cells. The high levels o f impurities present in the raw biogas is one o f the main economic 
drawbacks to this kind of fuel as reforming is expensive, but even the conversion o f  
methane (which would be produced anyway) to C 02 (generally considered a less harmful 
greenhouse gas) with the generation of electricity is o f benefit. Another benefit o f biofuel 
is that it has neutral C 02 emissions and therefore does not add C 02 output as mentioned 
in the G8 summit.
1.2.4 Problems with fuel cell systems
The uses of these different types of fuel cell depend on the operating temperature, size of 
stack required, and associated hazards12. The molten carbonate and solid oxide cells are, 
as mentioned earlier in Sections 1.2.2.2 and 1.2.2.5, large and operate at high 
temperatures, thus rendering these unsuitable for domestic or transport uses. The 
phosphoric acid, alkali and acidic direct methanol fuel cells are used for transport, but 
because o f the chemical hazards involved are less favourable than the polymer electrolyte
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membrane (PEM) or polymeric direct methanol fuel cells. Polymer electrolytes are the 
subject o f this thesis and thus the problems with fuel cell systems discussed in this section 
will pay specific attention to polymer electrolyte membrane cells. Much of the work 
currently being carried out on electrolytes can characterised by suppression of fuel 
crossover which is important for methanol fuel cells, novel materials (or those not 
previously used in this application) which are being functionalised to provide electrolytes 
more stable to temperature and the fuel cell environment, and novel membrane 
fabrication techniques which are being used to provide solutions to the technological 
problems with electrolytes.
It has been discussed above that one major factor hindering the use of polymer electrolyte 
membrane fuel cells is the need for pure hydrogen fuel which can be attributed to two 
factors: the temperature dependence o f water based conduction mechanisms and the 
temperatures required to reduce catalyst poisoning in these systems. Alternative fuels and 
less pure forms o f hydrogen must also be able to be used to make the fuel cell 
competitive for the mass market in the short term and this require membranes which are 
stable under these conditions, but yet still conduct as well. There are, thus, two ways of 
allowing a hydrogen rich gas, or other fuel less expensive than pure hydrogen, to be used 
in cells o f this type. Firstly, find a new catalyst which is not so easily poisoned and 
secondly, design a membrane to conduct protons at increased temperature.
The stability o f polymer membranes to temperature can be changed with structure 
modifications but the major factor, which must be assessed, is the conductivity. The 
importance o f a well defined and efficient conduction pathway is one o f the major 
reasons why the highly functionalised Nafion, and other perfluorinated membranes, 
continue to be the first choice for the fuel cell, thus any membrane which shows 
improved mechanical properties must compete with this conductivity.
The high acidity of the perfluorosulfonic acid based membranes (such as Nafion) gives a 
less strong binding of the hydronium ions and water molecules than a non-fluorinated 
acid membrane15. This leads to the high conductivity of the protons as the hydronium
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ions are free to move but consequently the operating temperature is limited to 100°C as 
water cannot be present in a system, which is operating at above 100°C unless there is 
some mechanism for holding it there. This also gives problems with the polyaromatic 
sulfonic acid polymer electrolytes, which are being investigated as cheaper, high 
temperature alternatives (see later). A severe conductivity drop is observed with 
decreasing water content15. Solutions to the above problems have been proposed14. One 
such solution is to add a hydrophilic phase to the membrane that should maintain water 
content of the membrane. This will allow the membrane to retain water, but whether the 
water is then available to assist the proton conduction is in doubt.
In order to achieve a novel membrane material, which will be stable to the range of 
conditions required to eliminate these problems, existing polyelectolytes o f all kinds have 
been considered.
1.3 Polyelectrolytes
Polymers have been widely used in multiple applications for many years; from natural 
materials (for example as fat replacements to retain ‘mouth feel5 in low fat foods) to 
structural components in buildings, the wide range o f materials and properties obtainable 
by structure and morphology changes allows almost endless applications. Polyelectrolyte 
is a term used to describe polymers, which have functional groups that dissociate, when 
dissolved in polar solvents. The subsequent counterions have very low activity due to 
their attachment to the polymer chains and to the resulting balance between the ionic 
activity and the entropy of the whole system. This entropy is significantly reduced by 
such interactions. Repulsion between polymer chains, and indeed parts o f the same chain, 
lead to stretching and ordering of the polymer that also reduces entropy and thus the 
activity o f the counterion. These factors also lead to some interesting viscosity effects in 
polyelectrolytes22'23. Owing to the variety o f polymers available and the number of 
electrolytic groups it is possible to incorporate, there is a wide variety o f polyelectolytes 
possible.
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1.3.1 Types and applications
The type o f polyelectrolyte depends on the functional group and the polymer itself. 
Commonly used functional groups include carboxylic acid, sulfonic acid, and phosphoric 
acid. Polymers such as poly(arylene ether)s, polybenzimidazoles, poly(phenylene oxide)s 
and polyphosphazenes have been investigated (in addition to modifications o f Nafion) for 
use as polyelectrolytes. Each polymer requires a functional group to be added to provide 
the electrolytic functionality. In the case of Nafion, poly(arylene ether)s and some 
polybenzimidazoles it is the sulfonic acid group which has been added and in the case of 
poly(phenylene oxide)s and polyphosphazenes, it is a phosphonic acid functionality 
which has been added. The addition o f these functional groups comes in many forms and 
at different stages o f polymer synthesis. In the case o f sulfonic acid groups, the 
functionality is generally added to the polymer after its production, using a sulfonating 
agent such as sulfuric acid. Basic materials are also being investigated as 
polyelectrolytes13, but the range of combinations o f polymer and functional group give 
rise to a large number of polyelectrolytes, which are largely characterised by their 
application.
Separations o f all kinds, catalytic functions24, ion exchange resins25, anti-static coatings 
in electronics26, reaction stabilisers27 and fuel cell electrolytes are all applications of 
polyelectrolytes. As is discussed extensively in this chapter, there are many 
functionalised polymers that have application in fuel cell electrolytes but other 
applications are common. Sulfonated polyaniline is used for resists in electron beam 
lithography28, for example; acid functionalised polystyrenes are used as ion exchange 
resins and to stabilise emulsions25 and sulfonated poly(ether sulfone)s are used in gas 
separation. Nafion can even be used as a reaction vessel and catalyst simultaneously for
9 0sol-gel processes and can affect the morphology of resultant inorganic phases with 
possible application in the synthesis o f nanoparticles.
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1.3.2 Nafion
CF— C F -M -C F *------ CF
2 Jy
O— CF2- C F - j^ O  C F-C F2- S 0 3H
c f 3
Figure 1.2 Molecular structure of Nafion
Nafion is (Figure 1.2), as has been mentioned previously, the standard fuel cell 
membrane against which all new systems are judged but its use is by no means restricted 
to this application. Nafion is used in electrolysis, catalysis, waste recovery and 
separation. It is a random copolymer but the design of the material, a very hydrophobic 
fully fluorinated backbone with pendant hydrophilic sulfonic acid groups, leads to 
sulfonic acid rich areas within the polymer30 as shown in Figure 1.3.
Figure 1.3 Phenomenological sketch of the nano structure in Nafion solid polymer electrolytes ’0
Also notable about the structure of Nafion is that the sulfonic acid groups are present on 
flexible sidechains thus allowing more flexibility for the sulfonic acid groups to 
agglomerate during and after membrane casting. It is this that gives Nafion its mechanical 
strength by providing semi-crystalline regions within the membrane as the backbone 
intertwines with others, but still leaving the sulfonic acid groups aggregated. These
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sulfonic acid groups are extremely acidic due to the electron withdrawing effects of the 
fluorinated side chain. Although exhibiting acid strength o f greater than concentrated 
sulfuric acid, this acidity can remain localised for certain applications that enhance its 
usefulness as a catalyst.
1.3.2.1 Modifications of Nafion
Nafion combines the electrically insulating and proton conducting characteristics 
essential for fuel cell operation but suffers from all o f the main drawbacks o f the polymer 
electrolyte fuel cell discussed above. High cost, dependence 011 water for conduction, and 
limited stability at temperatures above 100°C and to solvent are all limitations o f this 
material. Nafion also suffers from excessive methanol permeability15, which precludes its 
use in the direct methanol fuel cell without significant modification. As discussed earlier, 
a membrane that is inexpensive and has equal 01* improved properties as compared to 
Nafion will greatly lower the cost and create a competitive market for such membranes, 
but the modification of Nafion can also solve some o f its problems.
One method of improving Nafion systems, which have been reported, by Finsterwalder 
and Hambitzer is the bombardment o f Nafion with CxFn fragments o f plasma to form a 
coating layer. The purpose of this is to reduce the permeability and enhance stability o f  
the Nafion membrane. The best proton conductivities were observed when chlorosulfonic 
acid fragments were used in conjunction with the carbon-fluorine fragments lessening the 
reduction o f existing sulfonic acid sites to sulfides. Though this work gives a novel 
strengthening method for Nafion, it is difficult to see how it addresses the membrane’s 
overriding flaw, its cost. Smit et al32 have also ‘coated’ Nafion membranes with other 
polymer, in this case polypyrrole. This method electrodeposits the pyrrole monomer at 
the anode (and in the pores) and then polymerises it in situ thus causing it to interact with 
the membrane more closely. This technique shows the advantages of lowered methanol 
permeability but no conclusive proton conductivity results are shown.
Silva et al.33 report solution cast Nafion membranes from ethylene glycol, dimethyl 
sulfoxide (DMSO) and dimethyl formamide (DMF). These membranes were found to
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have a lowered chemical resistance to that of commercial Nafion membranes, but with 
comparable proton conductivity. DMSO and DMF gave the better films with those 
formed from DMF giving the best conductivity. DuPont have published work carried out 
on a wide range of variants o f the Nafion system34. This seems to be a summary o f the 
quality assurance work 011 Nafion systems but gives valuable information on the 
manufacturing and processing of the product. Other analysis o f Nafion membranes has 
been carried out by Liang et al.35 to probe the micro structure using IR spectroscopy. This 
work shows that the microstructure of Nafion is different at the surface than in the bulk 
and that it is temperature dependent. The main conclusion is that the surface energy o f the 
membranes is lowered by heating to around the glass transition temperature (Tg). Many 
other systems have been proposed to counter the problems with Nafion and provide novel 
properties for fuel cell systems.
1.3.3 Novel approaches to polyelectrolyte systems for fuel cells
The need for novel conduction mechanisms for the polymer electrolyte fuel cell has given 
rise to new approaches to the conduction of protons through polymer membranes and 
examples o f these are given below.
1.3.3.1 Doping
Phosphoric acid in polybenzimidazole has been utilised as a conducting medium36"37. 
Sulfonated polysulfones (SPSFs) have been blended with polybenzimidazoles (PBIs) and 
cast into membranes before being doped with H3PO4. The important factors in this 
system seem to be the ratio of sulfonic acid groups to basic sites on the PBIs. It is free 
acid sites that provide proton conductivity, but these are not restricted to the SPSF chains 
as the H3PO4 doping will contribute to the acid sites and occupy some basic sites. 
Therefore the solution behaviour before film casting will give rise to the overall structure, 
and thus susceptibility to doping, o f the finished film. This is then the determining factor 
in the proton conduction o f the finished electrolyte. A similar system has been 
investigated by Genova-Dimitrova et al.28 associating sulfonated poly(phenyl sulfone)s 
with phosphatoantimonic acid. A combination of moderately sulfonated poly(phenyl
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sulfone)s and phosphatoantimonic acid was found to give good proton conduction 
combined with a greater stability as compared to the highly sulfonated poly(phenyl 
sulfone)s themselves. This technology has not been totally optimised but gives a viable 
alternative to Nafion. Other alternatives could include inorganic proton conductors in the 
polymer matrix but attempts so far have seen water capable of washing out the 
conducting phase15.
It remains to be seen whether dopants remain within the membranes or diffuse out over 
extended operation times. If these strong acidic species do migrate to the edges then it is 
possible that they could damage the catalyst. The use of polymers such as 
polybenzimidazole to complex the strong acidic dopants is one method of ensuring that 
the acid will stay within the membrane, but unfortunately the durability o f such polymers 
is not as high as that o f the poly(arylene etheijs and other polymer matrices used in such 
systems thus limiting lifetime o f the membrane in the fuel cell to 300 hours . Another 
possibility for altering the conduction mechanism is to use phosphonic acid group 
functionality. This has been investigated with poly(dimethylphenylene oxide)40 and has 
shown some promise. Some of the structures are shown in Figure 1.4.
pH, CH2P(0)(0H)2
CH2P(0)(0H)2 CH2P(0)(0H)2 Br CH2P(0)(0H)2
Figure 1.4 Phosphonic acid functionalised poly(dimethylphenylene oxide)
1.3.3.2 Hybrid and composite materials
Blends o f different polymers have also been utilised to give enhanced mechanical, as well 
as enhanced proton conducting, characteristics. These systems can also be doped with 
strong acids to give a non-water-based conduction mechanism thus allowing use at 
elevated temperatures and in direct methanol fuel cells. Inorganic proton conductors have
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also been used with polymers in composite membranes to give combined properties of 
both types of electrolyte41.
The use o f inorganic fillers to give chemical resistance is important for the direct 
methanol fuel cell, where using Nafion leads to methanol crossover. Forming polymer 
composites with silicates, phosphonates, and zirconates has been the subject o f much 
research42’43. The basic premise is that by combining polymeric proton conduction with 
solid oxide proton conduction, a material which operates at an intermediate temperature 
can be found, thus allowing the use o f less expensive fuels without the need for such high 
temperatures. The other main benefits are that the methanol crossover o f Nafion can be 
reduced and the water retention improved by forming these composites. Poly(arylene 
ethers) and polybenzimidazole have also been used in composites44 to give improved 
methanol crossover and mechanical strength compared to equivalent Nafion systems. 
Composites are, however, not always of benefit with some systems showing leakage of 
inorganic fillers.
Recent years have also seen the use o f inorganic-organic hybrid materials as fuel cell 
membranes though little fuel cell testing has been carried out. A recent paper by Li and 
Liu details the synthesis and testing o f such a material doped with phosphoric acid45. 
Whilst this work shows exceptional proton conductivities, it too fails to properly address 
the problem of leaching as the ‘fuel cell’ measurements are carried out using impedance 
spectroscopy (though the materials are tested as membrane electrode assemblies). High 
thermal stability of the doped membranes does give an idea of likely performance at 
>100°C though not o f proton conductivity at these temperatures. As well as the use of 
organic-inorganic hybrids to solve the problems o f alternative fuels, inorganic polymers 
such as TEOS have been hybridised with zirconium oxide. One such system doped with 
phosphotmigstic acid has been investigated by Kim and Honma46. This work shows a 
promising membrane that gives significant proton conduction at 150°C and has a 
‘homogeneous mixture5 structure on the nano scale. In such systems the acid-base 
characteristics of the inorganic materials are of vital importance. Whether present as 
fillers, to give superior thermal or structural properties, or in sulfonated forms (adding to
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proton conductivity) the way that these materials interact within the membrane as a whole 
will alter the ability for protons to be conducted.
Acid-base properties of filler molecules have also been studied with respect to 
conductivity. Arico et al41 have used Nafion with ceramic fillers to show how the acid- 
base properties o f these fillers influence the water uptake and retention o f membranes. 
Membranes studied in the work appear to retain moisture at temperatures above 100°C, 
but the proton conductivities of such membranes are not mentioned. Owing to the 
influence of the filler characteristics on the water retention, the assumption is that the 
water, rather than being retained by Nafion, is transferred to the inorganic moiety. 
Without proton conduction results this is largely inconclusive as the water, though 
retained, may be unavailable for proton conduction.
Yamada and Honma have derived an organic mixed material from monododecyl 
phosphate and benzimidazole (Figure 1.5). As this work appears to be in its infancy, 
there is no discussion of conduction pathways, but the proton conductivity was found to 
be in the region o f 10"3 Scm"1. These materials are also reported to show increased proton 
conductivity at higher temperatures (140°C compared to 100°C). As membranes were not 
formed in the work, there is the possibility that migration o f the two species toward the 
electrodes would cause a conductive response and thus the increased mobility within the 
hotter experiment would give a higher conductivity. This was not addressed in the 
published work.
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OH
Mono dodecyl phosphate
Benzimidazole
Figure 1.5 Structures of mono dodecyl phosphate and benzimidazole
Ciuffa et all9 report a completely new type o f proton conducting membrane. These 'gel- 
type' membranes are based on the swelling o f a polymer matrix by a solution (here 
ethylene and propylene carbonates in a poly(vinylidene chloride) matrix) and cooling to 
allow gelation. This membrane is then soaked in a doping solution (2M H3PO4 for proton 
conduction) in order to activate it. The main problem with this type o f membrane is that it 
appears to have a relatively short lifetime (ca. 150 hours) and thus would need significant 
modification for a commercial fuel cell application.
1.3.3.3 Membrane permeability
As well as stability and conductivity of membranes the permeability to methanol (or any 
other alternative fuel) is o f high importance. Several recent papers have proposed 
membrane systems, which lower the permeability of the electrolyte. Ethylene- 
tetrafluoroethylene based polymer membranes50, a novel sulfonated polyimide51, 
polyphosphazenes52 and sulfonated poly(styrene-isobutylene-styrene)53 have all been 
reported as materials which show reductions in methanol permeability compared to 
Nafion. The comparison o f the ethylene-tetrafluoroethylene based system and Nafion is 
fairly straightforward due to their similar structures, and a slight reduction in the 
methanol permeability would be expected, but on the other hand we would also expect 
lowered proton conductivity. The proton conductivity is, however, reportedly of similar
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magnitude to that o f Nafion. The polyimide materials showed significantly lower 
methanol permeability than Nafion, though the proton conductivity was also significantly 
lower than that o f Nafion. Conductivity of these was, however, an improvement on 
previous polyimide systems investigated. Whilst polyphosphazene proton conductivities 
have previously been reported to be good, the methanol permeability is, at best, o f the 
same order o f magnitude as Nafion. The styrene triblock copolymer shows an order of 
magnitude improvement in methanol permeability compared with Nafion but has reduced 
conductivity as would be expected from the similar level o f sulfonation but lower 
hydrophobicity o f the backbone. All of these systems show that the increase in methanol 
permeability characteristics will probably affect the proton conductivity.
Some o f the membrane systems reported above try to combine the best o f inorganic 
proton conduction with polyelectrolyte technology to find a membrane suitable for use at 
above 100°C, but most of these systems, rather than addressing economic concerns, focus 
on using the most advanced materials. Although this will help the development of the 
direct methanol fuel cell, it will not aid the transition to fuel cells as affordable domestic 
power sources.
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1.4 Poly(arylene ether)s
The polyaromatics, a class o f polymer characterised by their backbone o f aromatic rings 
with various linkages, have long been used as composite resins in high performance 
applications, but now are emerging as an important class of material in environmental 
applications. It is the linkages between the aromatic rings that give these polymers their 
advantage and by simply changing these linkages the material can be tailored to have a 
range o f Tg values, melting point and thermal stability. This allows these materials to be 
highly tailorable to many applications. The synthesis o f these materials is well known and 
can be carried out via two routes.
1.4.1 Synthesis
Nucleophilic routes to poly(arylene ether)s (Figure 1.6) were what precipitated their 
widespread use as high performance materials. The process is activated by the use o f a 
base to form the salt of the phenol based reactant. Dipolar, aprotic solvents such as 
DMSO also helped to bring these materials into general use.
v K2C03 /  150-250°c
Figure 1.6 Nucleophilic synthesis of poly(avylene etheijs by the carbonate process
(A=S02, CO, CMe2, Bz etc.)
Electrophilic methods o f production can also be used (Figure 1.7) though these have 
drawbacks such as the possible formation of ortho products during polymerisation and 
chain branching. The use o f aluminium trichloride, or other strong acid catalysts, is also
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now deemed to be environmentally less sound than previously as is the use of the harsh 
organic solvents commonly used in these processes.
+  <0 > _ o A D ^ s o 2 c i
FeCI3 / C6H5N02
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Figure 1.7 Condensation of sulfonyl chlorides with aromatic compounds
While it is possible to make any poly(arylene ether) via either the electrophilic or 
nucleophilic routes, the former is usually only used when necessary or to investigate the 
effects o f certain defects on finished materials. These two methodologies allow a number 
of different groups to be introduced into the backbone, each of which will alter the 
properties o f the material.
1.4.2 Structure/property relationships
The tailorability o f polyaromatic systems comes from the linkages between phenyl rings 
in the backbone. These are typically ether, sulfone or ketone linkages. Sulfone linkages 
are the most rigid and give rise to high glass transition temperatures, in fact poly(phenyl 
sulfone) has no observable glass transition temperature, decomposing before any is seen 
(around 500°C). This polymer is thus not processable and modification must be made to 
form a useful material. This is done by adding flexible ether linkages to the backbone to 
form poly(ether sulfone)s. The same methodology is used for the poly(phenyl ketone) 
derivatives to form poly(ether ketone)s. Tertiary carbon linkages are also used in these 
types of materials to give an intermediate flexibility of linkage. Combinations of these are 
commonly used in aerospace applications and where a high performance composite is 
required. This combination o f ether, ketone and sulfone linkages is what gives these
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materials their most useful property, adaptivity. Further refining o f properties can also be 
carried out using fillers such as clays, crosslinkers such as multifunctional epoxy 
compounds, different curing cycles, and different processing methods. These materials 
can also be functionalised and this is why they are now being extensively used in 
membrane technology.
1.4.3 Applications
The need for cleaner technology in all fields has led to many new applications for the 
polyaromatics. Membranes with high thermal and oxidaiive stability are required for 
separations of all kinds. The production of many chemicals such as chlorine requires 
membrane separation to comply with European regulations, purification of water can be 
carried out by membranes, electrochemical sensors use membranes to filter out 
interfering species, medical applications require membranes to mimic membranes in the 
body, certain fuel cells also require membranes. Poly(phenyl sulfone)s are now widely 
used in applications such as asymmetric and composite membranes54. Sulfonated 
poly(ether sulfone)s are used as supports for desalination membranes and this 
functionality gives a fouling resistance to the composite54. The tailorability o f these 
materials and ionic conductivity of sulfonated forms make them an attractive and 
inexpensive basis for novel fuel cell membranes.
1.4.4 Poly(arylene ether) electrolytes
Poly(arylene ether)s, as mentioned earlier, have been used for many years in high 
performance composites but the need for chemically resistant chlor/alkali cation 
exchange membranes in the 1960s showed some interesting properties which have now 
been identified as useful in polyelectrolyte technology. Sulfonation is the method by 
which the material is functionalised, and will only occur on rings which are bounded by 
two ether linkages in the poly(ether ketone)s but in the poly(ether sulfone)s the 
sulfonation can occur either on a solely ether linked ring or on a ring between ether and 
tertiary methyl linkages. This fact makes the concentration o f these structures in the 
polymer pivotal to the electrolytic activity of the resultant material. If the material has too 
many ether linkages it loses its thermal and chemical stability, but too few will not allow
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a great enough degree o f sulfonation to be achieved. Sulfonated poly(arylene ethers) have 
been suggested for use in fuel cells and some interesting research has been reported.
The constraints o f proton conduction within any membrane rely heavily 011 the 
morphology, and consequently the method o f formation of the membrane. A recent study 
seeks to explain the morphologies present in sulfonated poly(arylene ether sulfone) by. 
probing water uptake within membranes55. This work concludes that the sulfonated 
poly(arylene ether sulfone)s studied (which are similar in backbone construction to 
KM180) showed three distinct morphological regimes when studied by water absorption, 
tensile deformation (dynamic mechanical analysis) and atomic force microscopy. The 
first of these, governed by copolymer architecture, exhibited enclosed hydrophilic 
regions; the second was an intermediate stage seen after a water treatment of 60-100°C 
and exhibited comiected hydrophilic regions; the third showed a breakdown in the 
hydrophilic/hydrophobic phase separation and was seen after water treatment at 
temperatures o f >100°C. Proton conductivity was maximised in the second regime. These 
results add weight to the use of poly(arylene ether sulfone)s in fuel cells at above 100°C, 
but show that there is a limitation o f the materials for any water based system.
Sulfonated poly(ether sulfone)s have been investigated as complexes with heterocycles 
such as imidazole9 for use in fuel cells. Such heterocycles have moderate proton 
conductivity o f their own56 and can act as proton acceptors for Bronsted acid sites, like 
the sulfonic acid group, to form protonic charge carriers. The melting point o f imidazole 
is higher than that of either water or phosphoric acid which suggests that it will support 
proton conductivity at elevated temperatures (120-200°C). These are promising materials 
but have the drawback that, while at elevated temperatures they have been shown to have 
high proton conductivities (2x10"2 S cm'1 at 200°C)57, the)* may not conduct well over a 
range of temperatures.
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1.4.5 KM180
Poly(sulfone)s are a class o f polyaromatics where the aromatic moieties are linked by 
sulfone groups. The applications o f these types of materials are discussed in Sections 
1.4.2-1.4.4. The subject o f this study is a poly(ether sulfone), developed by Cytec 
Engineered Materials Inc., known as KM 180 the structure of which is illustrated in figure 
1.8.
Figure 1.8 Structure of KM180
This poly(ether sulfone)-co-(ether ether sulfone), (PES-PEES) copolymer has several key 
advantages for use in the fuel cell; the polymer is inexpensive, costing 90% less than 
Nafion; it has a high level of sulfone linkages thus conveying high thermal stability and 
can be functionalised readily, despite the electron withdrawing properties o f the sulfone 
linkage. Fimctionalisation is possible due to the presence of the ether-ether-sulfone 
moiety and the polymer is known to be fully sulfonated (one sulfonic acid group per 
repeat unit) after dissolution in concentrated sulfuric acid. There are, however, still areas 
to be addressed in production and use of the sulfonated polymer.
The polymer has so far only been sulfonated to an acceptable quality product by first 
isolating the unsulfonated form from its nucleophilic polymerisation in sulfolane and 
using a considerable excess o f acid. The process could be made significantly more 
efficient if  the final reaction mixture could itself be sulfonated. The other main problem is 
that the lowered acidity o f the poly(ether sulfone) sulfonic acid as compared to the 
perfluorosulfonic acid o f Nafion leads to a stronger binding o f the hydronium ion and 
thus lowered proton conduction characteristics, especially around 100°C.
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KM 180 is a relatively low molecular weight polymer (M„ ~  12,000 gmol'1) and thus 
crosslinking may be of benefit to the polymer, permitting high degrees of sulfonation 
without causing water solubility. This is important as one of the beneficial properties of 
KM 180 for fuel cells is its chemical resistance. If the polymer becomes unstable in water 
then there may be problems with its resistance to other chemicals, as well as the obvious 
problems in water based conduction mechanisms. Investigation o f the sulfonation o f this 
polymer will also give valuable insight into the sulfonic acid content o f the material and 
may suggest solution to these problems.
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1.5 Sulfonation
Sulfonation is a very versatile tool for m odification o f  polymers. D ifferent reaction  
conditions can give various forms o f  the polymer, free acid, salt, or ester, and this gives 
rise to further reactivities, w hich are useful in further expanding the range o f  applications 
for a given polymer. Sulfonated monomers may be used or sulfonation earned out on the 
finished polym er whatever state it is in. Film s, fibres, or m ouldings may be sulfonated to 
give a surface functionality, or bulk material sulfonated to give new  functionality when  
film , fibre, m oulding or other article is finished.
1.5.1 Reaction mechanism
The sulfonation o f  poly(ether sulfone)s has been investigated by m any researchers and
ro
m any different methods exist . Although different reagents are used for the sulfonation, 
the sulfonating species is probably always the sam e59 as shown in the general m echanism  
(figure 1.9).
Sulfur trioxide is thus the species com m only involved in sulfonation but this is 
experim entally very difficult to work with. Thus other reagents capable o f  generating 
sulfur trioxide in solution are also used. These include chlorosulfonic acid, 
m ethanesulfonic acid, sulfuric acid and com plexes o f  sulfur trioxide w ith  
triethylphosphate and pyridine60. Though benzene is simple to sulfonate, the electron  
withdrawing nature o f  the sulfone and ketone linkages make positions ortho  to these very 
difficult to sulfonate and thus the positions next to ether or tertiary carbon linkages are 
favoured12. This allow s backbone com positions to be tailored to give the required amount 
o f  sulfonation for the particular application.
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Figure 1.9 Sulfonation of benzene
Aromatic rings or double bonds can be straightforwardly sulfonated and many useful 
materials result.
1.5.2 Uses of sulfonation in organic chemistry
Sulfonic acid groups are often introduced into organic m olecules such as dyes to stabilize 
them  for use in aqueous dye baths and they also improve the retention o f  the dye within  
w ool and silk. This functionality enables the dye to bind more tightly to the fabric. 
Another important use o f  sulfonic acid functionality is in the detergent industry. Sodium  
salts o f  long-chain aliphatic or aromatic sulfonic acids are used as detergents. Traditional 
soaps w hich  contain carboxylic acid salts form a scum in hard water because the calcium  
and m agnesium  ions present in the hard water form insoluble precipitates. W ith  
sulfonates, however, such precipitates are not formed. Som e sulfonic acid derivatives are 
important as antibacterial agents, for exam ple the sulfa drugs a class' o f  synthetic 
chem icals derived from sulfanilamide, or joara-ammobenzenesulfonamide.
1.5.3 Sulfonated polymers
Sulfonated polym ers have a w ide range o f  applications including the sulfonated styrene- 
divinylbenzene copolym ers which give ion exchange resins25 and sulfonated  
poly(phenylene oxide) is a useful reverse-osm osis membrane61. Sulfonated polyaniline is 
used in electron beam lithography to provide both electronic conduction and static
oo
reduction , sulfonated poly(arylene ether)s are used in gas separation and N ation's use as
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an electrolyte30. Sulfonated forms o f  other polymers (polyesters, polyim ides, poly(ether 
ketone)s , and polycarbonate)s have also been investigated62"66.
Smitha et a l 61 have sulfonated a range o f  materials (polystyrene, polysulfone and 
poly(phenylene oxide)) and assessed their viability as fuel cell electrolytes. A ll but 
polystyrene show ed promise, with the thermal properties o f  sulfonated polystyrene being  
the major drawback. These could be improved by crosslinking or copolym erisation to 
produce a feasible electrolyte, as it showed promising proton conduction characteristics. 
Sulfonated polycarbonate w as reported to have the best range o f  properties w ith cost 
being the deciding factor67. A  novel m odification o f  poly(ether ether ketone) has also 
been reported for fuel cell applications .
1.5.3.1 Fuel cell applications
D rioli e t a /.68 have sulfonated a poly(oxa-jp-phenylene-3,3-oxa-_p-phenilene-oxy- 
phenylene) (Figure 1.10) to provide a potential fuel cell material. These materials show  
good proton conductivity and reduced gas permeability as compared to a standard 
sulfonated poly(ether ether ketone). Proton conductivity is, however, low er than that o f  
N afion  117. A  standard poly(ether ether ketone) material has also been sulfonated by  
X ing e t a l 69 and shown to be viable in terms o f  proton conductivity and thermal 
properties. Sulfonation is also used to give polyim ide materials capable o f  proton 
conduction70.
Figure 1.10 Structural formula of a poly(oxa-/?-phenylene-3,3-oxa-/?-phenylene-oxy-phenylene)
Watari et a l 10 report a novel polyim ide based copolymer which, w hen sulfonated, w ill 
conduct protons. V alues for water uptake, thermal stability and proton conductivity are 
reported and in m ost cases equal or exceed  those for N afion 117. Another nitrogen-
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containing system  w hich show s promise is the sulfonated polyphthalazinones reported by 
Gao e t a l.11. The phthalazinone m oiety is introduced into the backbone o f  a poly(ether  
sulfone) or poly(ether ketone) to improve the mechanical properties o f  the resulting 
material. Proton conductivity is reported to be slightly improved as compared to the 
poly(arylene ether) without the phthalazinone group, although the polym ers were found  
to be water soluble above a certain degree o f  sulfonation. These are prom ising materials, 
but more work is required to discover their usefulness in the fuel cell environment.
A  novel system  based on 2-acrylam ido-2-m ethylpropanesulfonic acid (AM PS) and 2- 
hydroxyethyl methacrylate (HEM A) has been investigated by Walker . A  crosslinked  
copolym er o f  AM PS and H EM A (Figure 1.11) was prepared and found to g ive good  
proton conductivity, but water retention was a problem even at room temperature. In 
order to improve water retention, silica was blended into the membranes, but this served  
to low er proton conductivity and have little effect on water retention. This w as due to the 
fact that, unlike the com posites mentioned earlier, silica was added to this system  as a 
filler, rather than an integral part o f  the proton conduction mechanism. W ith m odification  
this material may be promising for fuel cell applications.
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Figure 1.11 AMPS-HEMA copolymer
Another prom ising system  is based on polyphosphazenes73 (Figure 1.12) and is being  
developed to give enhanced chem ical and thermal stability. W hen sulfonated and 
crosslinked, these materials provide a low  methanol crossover membrane w hich can be 
used at temperatures o f  around 100°C. The main drawbacks o f  this system  are that the 
polym er can becom e water soluble at high sulfonation levels and sw ells in  operation. For
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these reasons the polym er is crosslinked and blended. Unfortunately by doing this there is 
som e loss o f  proton conductivity. Limiting this loss is the subject o f  ongoing research.
Figure 1.12 Repeat unit o f polyphosphazene prior to sulfonation
L ee e t a l 14 have fluorinated and sulfonated a poly(ether sulfone) to provide an aromatic 
analogue to N afion  (Figure 1.1). Proton conductivity o f  a comparable level to N afion  w as 
achieved and found to vary w ith the degree o f  sulfonation. The extra strength expected  
for an aromatic backbone did not appear to be present, however, as the m ost highly  
conducting membranes were not o f  high mechanical strength, other m ethods o f  
introducing fluorinated parts into polym er backbones have also been attempted.
Figure 1.13 Poly(arylene ether sulfone-6-vinylidene fluoride)
Yang e t a l 15 have synthesised poly(arylene ether sulfone-6-vinylidene fluoride) 
copolym ers (Figure 1.13). A lthough this work shows no particular bias toward any 
application, excellent thermal and mechanical properties are reported w hich w ould make 
these materials candidates for investigation as polyelectrolytes. Another m odification o f  
poly(arylene ether)s which has recently been reported is to add aromatic nitrile groups76 
(Figure 1.14). These materials have comparable proton conductivities to a N afion  control,
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though the water uptake properties are less. The lowered uptake was attributed to the 
fluorine content o f  N afion  and is thus a feature o f  the material itself.
Figure 1.14 Disulfonated poly(arylene ether benzonitrile) copolymer
Poly(ether ketones) are also mentioned as polyelectrolytes by Gil e t a l 11. These system s 
are harder to sulfonate than poly(ether sulfone)s hut have enhanced stability through 
crystalline areas (depending on backbone com position). The main advantage 
demonstrated in the work is the reduced methanol crossover, as compared to Nafion.
1.5.3.2 Side chain functionalisation
Soresi e t a l.7S have also used poly(vinyl difluoridone) grafted w ith pendant styrene 
groups to give a proton conducting membrane. Trends were noted in properties such as 
ion exchange capacity and water uptake but more detailed testing is underway. A  more 
recent system  based on poly(4-phenoxybenzoyl-l,4-phenylene) (Figure 1.15) has been  
developed . The material has not been fully investigated, but when sulfonated it appears 
to be able to take up and retain water at a greater level than sulfonated poly(ether ether 
ketone) and N afion, thus being less susceptible to dehydration. Although only tested in 
the direct hydrogen cell, this material i f  blended or doped may be a considerably less 
expensive alternative to Nafion.
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Figure 1.15 Structure of sulfonated poly(4-phenoxybenzoyl-l,4-phenylene)
Karlsson and Jannasch80 have used sulfoalkylation to provide a side chain sulfonic acid  
functionality. The use o f  side chains is reported to lower sw elling o f  the materials by 
increasing the hydrophilic-hydrophobic separation in the m olecule, allow ing hydration 
without interfering with the polym er backbone. This shows that, as w ell as the advantages 
o f  closer chain packing to reduce permeability, hydrophilic-hydrophobic separation w ill 
affect proton conductivity. M any other materials have also recently been investigated for 
fuel cell materials.
Another method o f  producing polym eric proton conductors is by com bining polym ers 
containing basic sites (e.g. nitrogen) with polym eric sulfonic acids9. Interactions are set 
up by forming hydrogen bonds 01* by protonation o f  the basic sites. Two exam ples o f  such  
system s are sulfonated poly(ether ketone)s m ixed with polybenzim idazoles or 
poly(phenylene oxide) (Figure 1.16) blended with poly(vinylidene fluoride). These 
materials have the advantage that they are able to withstand temperatures up to 160°C  
and that they perform equivalently to N afion  with lowered susceptibility to dehydration. 
The use o f  these materials in direct methanol cells may be where their real advantage 
shows, but this has not yet been investigated.
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Figure 1.16 Structure o f substituted poly(phenylene oxide)s
W ang e t a /.81'82 have investigated the use o f  sulfonated monomers as a m ethod o f  
preparing poly(arylene ether sulfone)s w ith sulfonic acid groups in a variety o f  positions 
on the backbone, and at substitution levels o f  greater than 1 per repeat unit. In these 
cases, sulfonated dichloro diphenylsulfone was used in sodium salt form as a m onom er in 
a standard nucleophilic substitution condensation polym erisation mediated with  
potassium  carbonate (Figure 1.17).
+
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O
Figure 1.17 Synthesis of po!y(arylene ether sulfone) random statistical copolymer
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These membranes were seen to have enhanced mechanical and electrolytic properties as 
the level o f  sulfonation was increased. A tom ic force m icroscopy (AFM ) also show ed a 
co-continuous morphology o f  hydrophilic regions at high sulfonation levels. This work  
has also been expanded to include com posite membranes with heteropolyacids. In these  
cases the heteropolyacids enable the trapping o f  water at elevated temperature, and such  
membranes show  promise for operating temperatures above 100°C.
1.5.3.3 Separation membranes
Another exam ple o f  a sulfonated membrane is a novel nanofiltration membrane based on  
sulfonated poly(phthalazinone ether sulfone ketone)62. These membranes com bine the 
typical properties o f  poly(arylene ether)s with greater thermal stability in  the sulfonated  
form w hilst retaining the hydrophilicity required for the filtration process. Separation 
membranes using m odified poly(ether sulfone)s are also reported. Shi e t a l 63 report a 
polyim ide/poly(ether sulfone) m ixed membrane w hich gives improved separation 
properties for methanol/methyl /-butyl ether mixtures.
The use o f  sulfonated polym ers o f  all kinds shows promise for many applications, 
especially  the fuel cell. It is important to have econom ically viable fuel cells w hich  
relates to the cost o f  fabrication o f  these materials, therefore K 180 w as used as the base 
polym er as it is cost effective and readily available from Cytec Engineered Materials. The 
sulfonation process o f  K M 180 was exam ined in order to optim ise the material for use in 
fuel cell applications.
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Chapter 2: Sulfonation of KM180
2.1 Introduction
The sulfonation o f  polym ers has been discussed in Section 1.5 and is o f  crucial 
importance to the use o f  KM  180 as an electrolyte. This chapter deals w ith the evaluation  
o f  sulfonating agents for ICM180 w ith respect to certain parameters. The isolation o f  the 
polym er between synthesis and sulfonation is an undesirable and costly  step, a ‘one-pot’ 
synthesis o f  the sulfonated polym er w ould be favoured. The use o f  sulfuric acid as 
sulfonating agent in such a ‘one-pot’ system  results in poor quality polym er and this must 
be avoided. In order to address these problems a range o f  sulfonating agents have been  
identified.
2.1.1 Sulfonating agents
° w °\ \  / /
A
HO CH.
Methanesulfonic acid
Me
I
o - p = o  © s o .
Me O
Me
Triethylphosphate-sulfur trioxide
0 v .0
\ \ / /
A
HO OH
O
IIo=s=
Sulfur trioxide
O
-x OX  / /s -so
Sulfuric acid
Sulfolane-sulfur trioxide
° x  / °\ \  / /
.A
HO Cl
Chlorosulfonic acid
N *SO
Pyridine-sulfur trioxide
Figure 2.1 Structures of sulfonating agents
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2.1.1.1 Chlorosulfonic acid
Chlorosulfonic acid is a strong acid with a weak sulphur-chlorine bond and is a 
com m only used sulfonating agent. It is used in sulfonation and chlorosulfonation  
reactions. This reagent is also used in sulfation and sulfamation. It is com m only used in 
the sulfonation o f  polym ers ' . This reagent lias been chosen as a stronger acid than 
sulfuric and as a known sulfonating agent for this type o f  polymer.
2.1.1.2 Methanesulfonic acid
M ethanesulfonic acid is a m ild sulfonating agent used in organic chem istry and has been  
chosen as it is a weaker acid than sulfuric. N o  literature has been found to link this 
reagent to the sulfonation o f  polym ers, but the electronic stabilisation o f  the transition  
state by the two ether linkages in K M 180 may allow  a mild sulfonating agent such as this, 
to be used. It is also important to discover whether the strength o f  the sulfonating agent is 
o f  importance to the sulfonation o f  this material.
2.1.1.3 Pyridine-sulfur trioxide complex
A  m ild reagent used in organic chemistry, this com plex is useful in displacement 
reactions o f  allylic alcohols and is used, along w ith DM SO , in the oxidation o f  alcohols. 
It is also known to sulfonate electron rich system s. It is for these reasons that this reagent 
has been selected along with the fact that it is the only sulfur trioxide species to be 
com m ercially available.
2.1.1.4 Sulfur trioxide and its complexes with triethyl phosphate and sulfolane
Sulfur trioxide is the general species o f  sulfonation but has its ow n particular handling 
problems (Section 2 .2 .3 .2 .3), so it can be more convenient to use a com plex. The triethyl 
phosphate com plex has been used to sulfonate aromatic polym ers previously4'5, and the 
com plex w ith sulfolane6, although used for m ild reactions in organic chemistry, is 
potentially beneficial as the polym erisation solvent is sulfolane.
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These reagents give a range o f  strengths and types o f  sulfonating agent. The issue o f  a 
one-pot synthesis is also taken into account in the choice o f  solvent and reaction  
conditions under which these reagents are studied. The aim o f  the work is to ascertain  
which sulfonating agent addresses most o f  the experimental concerns and provides good  
product quality, and then to find the best conditions for the use o f  this reagent.
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2.2 Experimental
2.2.1 Materials
ICM180 (M„ ~  12,000 gm ol'1) was supplied by Cytec Engineered Materials Inc. 
M ethanesulfonic acid (99% ) and chlorosulfonic acid (97%) were supplied by Acros 
Organics. Sulfur trioxide-pyridine com plex (98%) and sulfolane (99%) were supplied by  
Lancaster. 1,2-Dichloroethane, triethyl phosphate (99+% ) and sulfur trioxide (99% ) 
were supplied by Aldrich and sulfuric acid (98% ) supplied by Fisher. A ll reagents other 
than sulfur trioxide (section 2 .2 .3 .2 .3) were used as received. The standard solvent for use 
in  the sulfonation o f  polysulfones is dichloroethane7, but the solvent o f  choice for a direct 
sulfonation from the polym erisation reaction mixture is sulfolane. These solvents, and 
mixtures o f  the two, were used to investigate sulfonation.
2.2.2 Analytical Techniques
2.2.2.1 Nuclear magnetic resonance spectroscopy
N uclei w ith particular proton arrangements can be aligned in a m agnetic field  to g ive a 
low  energy state, which, for the piuposes o f  this technique, is described as the ground 
state. Nuclear magnetic resonance is the term applied to the energy emitted w hen such a 
nucleus relaxes to this state. In nuclear magnetic resonance spectroscopy the nuclei are 
excited using a radio frequency pulse to induce the relaxation, a ’spin flip1. The emitted  
energy is measured and gives information about the environment in w hich  that nucleus is 
situated because the electron density surrounding that nucleus influences the m agnetic 
field  local to it. The proton is the m ost com m only used nucleus in this technique and 
spectra can be used to distinguish between the different environments in w hich  protons 
lie. The spectra o f  polym ers are, however, more complicated. The juxtaposition o f  
different chains leads to a slightly different response from protons in each repeat unit. 
This in turn leads to a broadening o f  the signals observed, due to this the spectra o f
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polym ers are often broad and hard to take information from. This is observed w hen  
analysing K M 180 the structure o f  w hich is show n in Figure 2.2 and the spectra in Figure 
2.3. The sulfonated form o f  KM  180 provides four different proton environments whereas 
in  the unsulfonated form there are only three. Unsulfonated samples g ive rise to two  
bands in the aromatic region o f  the spectrum because tw o c f  the proton environments (on  
a ring bounded by two sulfone linkages and nearer to the sulfone linkage on a ring 
bounded by a sulfone linkage and an ether linkage) are similar. Sulfonated sam ples, 
however, show  a third signal in  the aromatic region o f  the spectrum w hen spectra are run 
at 80°C. This is attributable to Hd (Figure 2.2)
40 : 60
Figure 2.2. Proton environments in sulfonated KM180
The peak for the proton ortho  to the sulfonic acid group (Hd) can be seen  in very h ighly  
sulfonated sam ples (Figure 2.3) but for the m ost part it is sim ply not possib le to see this 
peak at low  levels o f  sulfonation. The Hd peak is comparatively w eak and thus running 
spectra at higher resolution and temperature w ill boost it. The values reported for 
sulfonation levels o f  less than 60% are calculated by comparing the ratio (I-Ib+Hc):Ha to 
the theoretical ratio o f  the polym er when fully sulfonated and prior to sulfonation, i f  the 
Hd peak cannot be seen. A ll samples were run in DM SO  at 500.154 M H z and 80°C on a 
Bruker “A spect 500” spectrometer.
A  sam ple o f  p ine KM 180 was analysed by proton N M R  spectroscopy and a sample 
w hich had been re-precipitated from sulfolane (H S001) was also analysed for com parison  
with experimental products.
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Ha Hb+Hc
A different 
environment next 
to the sulfonated 
site - Hd - can be 
seen in highly 
sulfonated 
samples
Figure 2.3 Comparison of proton NMR spectra of KM polymer showing the effect of varying degrees of
sulfonation
2.2.2.2 Titration
Small amounts (0.30 g) o f  each sample were reacted with KOH (10 cm 3 o f  0.1 m ol dm"3 
in  H20 )  over 2 w eeks. E xcess base in the samples was then titrated w ith acid and the 
degree o f  sulfonation o f  the sample calculated from this. A  Metrohm autotitrator, 
computer interfaced using TiNet 2.4, was used to carry out titrations and calculate 
degrees o f  sulfonation. A  base blank was found to give results consistent to +  0.01%  
(n=3).
2.2.2.3 Viscometry
R elative v iscosity  (Rv) is a method o f  comparing the effect o f  d issolving materials in a 
solvent on the viscosity  o f  the solution. The solution is made to flow  through a capillary
50
Chapter 2: Sulfonation of KM180
over a standard distance under gravity. The tim e taken (t) is compared to that for the 
solvent itse lf  (to) and relative v iscosity  calculated using the follow ing formula.
Rv =  t /  to
Each o f  sam ples HS001 to H S019 were d issolved  in DM F, added to an A  sized  
viscom etry tube, and the tim e taken for the liquid to pass between the standard marks 
measured. D egree o f  sulfonation was calculated relative to the misulfonated (K M STD) 
and standard sulfonated (C S001) samples and their results from N M R  spectroscopy. 
There were experimental difficulties with this technique, in that the polym er had a 
tendency to com e out o f  solution in the capillary i f  repeated measurements were taken 
without cleaning and refilling the tube. M easurements reported in this chapter com e from  
analyses where this was not the case.
2.2.2.4 Infrared spectroscopy
Infrared spectroscopy was attempted on all samples, but provided no conclusive results 
for degree o f  sulfonation. The level o f  sulfone linkages in the backbone was thought to 
account for this as the vibrational m odes w ill coincide with: thus broadening any sulfonic  
acid signal.
2.2.2.5 Raman spectroscopy
This technique w as not found to be useful in  the analysis o f  sam ples for degree o f  
sulfonation. It is assumed that the sulfonic acid group signals are swam ped by the 
backbone signals. This is due to the “averaged” nature o f  polym er spectra which is seen  
for both N M R  and IR spectroscopies.
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2.2.3 Initial experiments
Initial experiments were carried out to assess a range o f  sulfonating agents (Section 2 .1 .1) 
which can be split into two categories, sulfonic acids and sulfur trioxide species. The 
experimental work is detailed below.
2.2.3.1 Sulfonic acids
2.2.3.1.1 Sulfonation using chlorosulfonic acid.
Experiment 1: A  three necked, 250 cm 3, round-bottomed flask was fitted w ith  
condenser, stirring and nitrogen purge. To it was added a suspension o f  KM  180 (5 g, 
0.02 m ol. o f  repeat unit) in dichloroethane (50 cm3, 63 g, 0.6 m ol.). This gave a brown  
liquid-like solid within the solvent, show ing that the polym er had sw elled, but that the 
solubility w as not high. To this suspension a solution o f  chlorosulfonic acid (1.23 g, 
0.011 m ol.) in dichloroethane (50 cm 3, 63 g, 0.6 m ol.) was added over 45 minutes. The 
brown liquid-like mass lightened at points where it was exposed to the solution. 
Literature shows a diffuse brown solid to be formed by the reaction, which was not 
evident after 3 hours. The reaction was heated to 30°C for 1 horn* and then to 60°C  for 1 
hour. N o  diffuse brown solid formed and thus another equivalent (1.23 g, 0.011 m ol.) o f  
chlorosulfonic acid was added in dichloroethane (50 cm 3, 63 g, 0.6 m ol.) over one hour. 
Approxim ately halfway through the addition the solution turned purple and then blue 
before returning to pale yellow . At this point a diffuse brown solid began to form. 
Filtration o f  the mixture gave no solid product and the dichloroethane w as rem oved by 
rotary evaporation. A  sticky brown solid  w as formed when water w as added to quench  
the resultant mixture. This solid  was dissolved in sulfolane (100 cm 3, 126 g, 1 m ol.) and 
precipitated into hot water. This solid w as filtered o ff  and re-suspended in hot water a 
further tw o tim es, washed w ith M eOH  and dried under vacuum at 60°C for 16 hours. A  
cream coloured solid resulted.
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Experiment 2: A  three necked, 250 cm 3, round bottomed flask w as taken and fitted w ith  
condenser, stirring and nitrogen purge. To it was added a solution o f  ICM180 (5 g, 0 .019  
m ol. o f  repeat unit) in sulfolane (100 cm 3, 126 g, 1 m ol.). To this was added, over 1 hour, 
a solution o f  chlorosulfonic acid (2.63 g, 0.023 m ol.) in dichloroethane (100 cm 3, 125 g,
1.3 m ol.). The resultant ye llow  solution was stirred for 5 hours and no change seen. The 
solution was then heated to 40°C  for 3 hours, and a slight darkening o f  solution occurred, 
and then heated to 60°C for 3 hours, during w hich  time the solution darkened to a light 
brown colour. The reaction mixture was cooled and the dichloroethane rem oved by 
rotary evaporation. The polym er was precipitated into hot water and filtered. A s before, 
the solid was re-suspended tw ice and washed with MeOH. The polym er w as dried at 
60°C under vacuum  for 16 hours. A  cream coloured solid was obtained.
Experiment 3: A  three necked, 250 cm 3, round bottomed flask was taken and fitted with  
condenser, stirring and nitrogen purge. To it was added chlorosulfonic acid (87.65 g, 0.75  
m ol.). To this was added, over 1 hour, a solution o f  K M 180 (5 g, 0 .02 m ol. o f  repeat unit) 
in sulfolane (100 cm 3, 126 g, 1 m ol.). The solution was initially a deep violet colour 
becom ing brown after the last addition; gas was evolved. The reaction w as allow ed to 
proceed for a further 4 hours. The reaction mixture was poured over iced water and 
stirred for 1.5 hours. The solid  was allowed to settle and about tw o thirds o f  the water 
decanted o f f  and replaced. This was repeated until the effluent was pH neutral. The solid  
was then filtered o ff  and w ashed tw ice w ith hot water and M eOH. The solid was dried at 
60°C under vacuum for 6 hours. A  cream polym er containing brown, glassy aggregates 
w as obtained.
Experiment 4a: A  three necked, 250 cm 3, round bottomed flask w as taken and fitted 
w ith condenser, stirring and nitrogen purge. To it was added a solution o f  5 cm 3 
chlorosulfonic acid (8.77 g, 0.075 m ol.) in sulfolane (100 cm 3, 126 g, 1 m ol.). To this was 
added, over 30 mins, a solution o f  K M 180 (5g, 0.02 mol. o f  repeat unit) in sulfolane (100  
cm  , 126 g, 1 m ol.). The reaction was heated to 70°C for 8 hours and then cooled. The 
polym er w as precipitated into hot water, filtered and resuspended tw ice. The polym er 
was dried at 60°C  under vacuum  for 16 hours; grey polym er was obtained.
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Experiment 4b: The above experiment was repeated with chlorosulfonic acid (10.5 g, 
0.091 m ol) added directly to the reaction rather than being pre-dissolved. The reaction  
mixture was heated at 7 5 °C for 7 hours and worked up as above w ith an additional 
M eOH  (500 cm 3) wash. A  cream solid was isolated.
2.2.3.1.2 Sulfonation using methanesulfonic acid
Experiment 5: KM  polym er (5.00 g, 0 .019 m ol. o f  repeat unit) w as dissolved  in  
sulfolane (50 cm  , 0.53 m ol.). This solution was added to a solution o f  m ethanesulfonic 
acid (1.5 cm 3, 0.02 m ol.) in dichloroethane (50 cm3, 0.63 m ol.). The addition was carried 
out over 1 hour. The reaction mixture was stirred for a further 4 hours after which more
I q
m ethanesulfonic acid (1.5 cm  , 0.02 m ol.) was added. The reaction was stirred for a 
further 2 hours. Water was added to quench the reaction and both water and 
dichloroethane rem oved by rotary evaporation. A  solution o f  the product in sulfolane 
remained. The polym er was precipitated into water with vigorous stirring, then allow ed to 
settle out. The water was decanted o f f  and replaced tw ice, and the solid filtered off. The 
solid  w as washed with HC1 solution (500 cm 3, 3 M  solution) and then w ith water (4 x  500  
cm 3). The solid w as dried at 60°C, under vacuum overnight.
Experiment 6: KM polym er (5.00 g, 0 .019 m ol. o f  repeat unit) w as suspended in
q
dichloroethane (50 cm  , 0.63 m ol.) and to the suspension w as added a solution o f
• q
m ethanesulfonic acid (5 cm  , 0.08 m ol.) in dichloroethane (50 cm  , 0.63 m ol.). The 
polym er becam e more diffuse after this addition. Dichloroethane w as rem oved by rotary 
evaporation and the polym er dissolved in sulfolane (25 cm 3, 0.27 m ol.). Precipitation, 
w ashings and drying were as for experiment 5.
E xp erim en t 7: KM polym er (5.00 g, 0 .019 mol. o f  repeat unit) w as d issolved  in 
sulfolane (50 cm3, 0.53 m ol.) and added to a solution o f  m ethanesulfonic acid (1.5 cm 3, 
0.02 m ol.) in sulfolane (50 cm 3, 0.53 m ol.). The reaction mixture was stirred overnight
______________________________________________________  Chapter 2: Sulfonation of KM180
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then heated to 75°C  for 4 horns. After this tim e the solution had darkened. Precipitation, 
w ashings and drying were as for experiment 5.
2.2.3.1.2 Sulfonation using sulfuric acid
E xp erim en t 8: KM  polym er (5.00 g, 0.019 m ol. o f  repeat unit) w as dissolved in sulfuric 
acid (100 cm  ,1 .0 2  m o l) . The reaction mixture w as stirred overnight, during w hich tim e  
the solution had darkened. Precipitation, washings and drying were as for experim ent 5.
Experiment 9: KM polym er (5.00 g, 0 .019 mol. o f  repeat unit) w as d issolved  in  
sulfolane (50 cm 3, 0.53 m ol.) and to this solution added sulfuric acid (10 cm 3, 0.1 m ol.). 
The reaction mixture w as stirred overnight at 30°C and after this tim e the solution had 
darkened. Precipitation, washings and drying were as for experiment 5.
2.2.3.2 SO3 complexes
2.2.3.2.1 Sulfonation using pyridine-sulfur trioxide complex.
Experiment 10: A  three necked, 250 cm 3, round bottomed flask w as fitted w ith  
condenser, stirring and nitrogen purge. To it w as added a suspension o f  K M 180 (5 .04 g,
0 .019 mol. o f  repeat unit) in dichloroethane (100 cm 3, 125 g, 1.3 m ol.). A  suspension o f  
pyridine-sulfur trioxide com plex (3.01 g, 0 .019 m ol.) in dichloroethane (150 cm 3, 188 g, 
1.9 m ol) w as added over 30 mins. The pyridine-sulfur trioxide com plex did not d issolve  
properly and the polym er was a brown liquid-like solid. The reaction mixture w as heated  
to 60°C  for 14 hours, during w hich  tim e the pyridine-sulfur trioxide com plex becam e 
fu lly  dissolved. The reaction was then precipitated into hot water and all solvent 
removed. The resultant polym er w as then dissolved in sulfolane (200 cm 3, 252.2g, 2 .10  
m ol.). This solution w as added to hot water and the polym er filtered off. The polym er 
w as resuspended a further tw ice and finally washed with 300 cm3 M eOH. The solid was 
dried at 60°C under vacuum for 16 hours. A  grey polym er was isolated. On grinding the 
polym er becam e a cream colour.
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Experiment 11: A  three necked, 250 cm 3, round bottomed flask was taken and fitted 
with condenser, stirring and nitrogen purge. To it was added a solution o f  pyridine-sulfur 
trioxide com plex (3.02 g, 0.019 m ol.) in dichloroethane (100 cm 3, 125 g, 1.3 m o l) . To 
this w as added, over 30 min, a solution o f  K M 180 (5 g, 0.02 m ol.) in  sulfolane (100 cm 3, 
126 g, 1.1 m ol.). The reaction mixture w as then heated to 65°C  for 8 hours. 
Dichloroethane was removed by rotary evaporation and the resultant solution washed  
with water to remove pyridine residues. The water/pyridine was rem oved by rotary 
evaporation and the polym er precipitated into hot water. Work up w as as for experiment
1. The polym er was dried at 60°C under vacuum for 16 hours and cream polym er was 
obtained.
Experiment 12: A  three necked, 250 cm 3, round bottomed flask was taken and fitted 
with condenser, stirring and nitrogen purge. To it was added a solution o f  KM 180 (5 .07  
g, 0 .019 m ol.) in sulfolane (200 cm 3, 252 g, 2 m ol). To this was added pyridine-sulfur 
trioxide com plex (3.01 g, 0 .019 m ol.) and the reaction mixture heated to 60°C for 8 
hours. The polym er was precipitated into hot water and worked up as for experiment 1. 
The polym er was dried at 60°C  under vacuum for 16 hours. A  cream polym er was 
obtained.
2.23.2.2 Sulfonation using sulfur trioxide and its complexes with triethyl 
phosphate and sulfolane
O wing to the highly reactive nature o f  sulfur trioxide there were considerable 
experimental difficulties in its use alone as a reagent (Section 2.2.3 .2 .3). A s a result o f  
these difficulties, a solution o f  sulfur trioxide (36.17 g, 0.45 m ol.) made up to 1 dm3 in  
dichloroethane was prepared. A ll references in this section to the standard sulfur trioxide 
solution refer to this 0.45 m ol dm '3 solution in dichloroethane.
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Experiment 13: To standard sulfur trioxide solution (50 cm 3) was added KM  polym er  
(5 .04 g, 0.019 mol. o f  repeat unit). This w as stirred overnight. The reaction was quenched  
by addition o f  water and dichloroethane and water subsequently rem oved by rotary 
evaporation. The polym er w as redissolved in sulfolane (50 cm 3, 0.53 m ol.) and 
precipitated into hot water. The solid  was allow ed to settle out and the water decanted o f f  
and replaced tw ice. The solid w as isolated, washed with water (4 x  500 cm 3), and dried at 
60°C, under vacuum, overnight.
Experiment 14: KM  polym er (4.98 g, 0.019 mol. o f  repeat unit) w as dissolved  in 
sulfolane (50 cm  ,0 .5 3  m ol.). This solution was added to standard sulfur trioxide solution  
(50 cm  ) over 1 hour and stirred overnight. Dichloroethane was rem oved by rotary 
evaporation and the polym er precipitated into water. Work up was as for experim ent 13.
Experiment 15: Sulfolane (100 cm 3, 1.05 m ol.) was added to standard sulfur trioxide 
solution (100 cm 3). Som e gas was evolved, but there was no precipitation2'3. 
Dichloroethane w as removed by distillation. KM polymer (5.00 g, 0 .019 m ol. o f  repeat 
unit) was then added and the reaction mixture stirred overnight. The polym er w as 
precipitated into water but large sticky lumps formed. The polym er w as thus redissolved  
in sulfolane (50 cm  ,0 .5 3  m ol.) and reprecipitated to give a white solid. The work up was 
as for experim ent 13.
Experiment 16: Triethyl phosphate (10 cm 3, 0.05 m ol.) was added to standard sulfur 
trioxide solution (50 cm 3) and stirred. KM polym er (5.04 g, 0 .019 m ol. o f  repeat unit) 
w as added and gave an extrem ely diffuse solid in the flask. The reaction mixture was 
heated to 60°C for 6 hours, stirred overnight at room temperature, then dichloroethane 
w as rem oved by rotary evaporation. The polym er was redissolved in sulfolane (50 cm 3, 
0.53 m ol.) and precipitated into water. Work up was as for experiment 13.
Experiment 17: A  solution o f  KM  polym er (5.01 g, 0.019 m ol.) in sulfolane (50 cm 3,
0.53 m ol.) was added to the reaction apparatus containing standard sulfur trioxide
q  q
solution (50 cm  ) and triethyl phosphate (10 cm , 0.05 m ol.). The reaction was heated to
57
Chapter 2: Sulfonation of KM180
60°C  for 6 hours and subsequently left stirring at room temperature overnight. 
Dichloroethane was rem oved by rotary evaporation and the polym er precipitated. Work 
up w as as for experiment 13.
2.2.3.2.3 Use o f sulfur trioxide
The reagent is a powerful sulfonating agent w hich, upon contact w ith moisture in the 
atmosphere evolves sulfuric acid gas in a strongly exothermic reaction. Sulfur trioxide 
was supplied as a gas, containing a proprietary stabiliser, with m elting point o f  18°C and 
boiling point o f  42°C . In fact, as received, it is a solid which can be m elted by heating at 
35°C for 1 w eek. This was considered too dangerous to be left overnight and thus other 
m ethods were proposed for its use.
A  nitrogen filled  g love box, fitted w ith a drying tube in the nitrogen line and having an 
open vesse l o f  phosphorus pentoxide inside the box, was proposed as a suitable 
environment for dealing w ith this reagent. W hite fumes were still evolved  w hen the 
sulfur trioxide was opened. This method was obviously not capable o f  excluding moisture 
to a large enough extent.
A  standard solution o f  sulfur trioxide was thus made up by placing the bottle in  
dichloroethane (500 cm 3, 6.3 m ol.) under dry nitrogen and transferring the solution, by 
w ay o f  a cannula, to a 1 dm volum etric flask. The solution was made up to one litre and 
the concentration determined by the mass lost from the bottle. Brow n sedim ent was 
formed during the dissolution and not cannulated into the volum etric flask.
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2.2.4 Optimisation of chlorosulfonic acid sulfonation
H aving identified chlorosulfonic acid as the m ost useful sulfonating agent studied in  
Section 2.2.3 (results in Section 2 .3 .1), the sulfonation using this reagent was optimised. 
Each reaction w as carried out using the fo llow ing method.
Table 2.1 Experimental conditions for optimisation
Experiment CSA (equivalents) CSA
(cm3)
Solvent Solvent ratio Temperature
°C
Time (hrs)
CSA01 47 125 N/A N/A RT 18
CSA02 1 3 SFL N/A 75 18
CSA03 2.5 7 SFL N/A 75 18
CSA04 5 13 SFL N/A 75 18
CSA05 10 27 SFL N/A 75 18
CSA06 20 53 SFL N/A 75 18
CSA07 7.5 20 DCE N/A 75 18
CSA08 7.5 20 DCE/SFL 25/75 75 18
CSA09 7.5 20 DCE/SFL 50/50 75 18
CSA10 7.5 20 DCE/SFL 75/25 75 18
CSA11 7.5 20 SFL N/A 75 18
CSA12 7.5 20 SFL N/A 25 18
CSA13 7.5 20 SFL N/A 50 18
CSA14 7.5 20 SFL N/A 75 18
CSA15 7.5 20 SFL N/A 100 18
CSA16 7.5 20 SFL N/A 125 18
CSA17 7.5 20 SFL N/A 85 1
CSA18 7.5 20 SFL N/A 85 4
CSA19 7.5 20 SFL N/A 85 8
CSA20 7.5 20 SFL N/A 85 12
CSA21 ' 7.5 20 SFL N/A 85 16
CSA = chlorosulfonic acid, SFL = sulfolane, DCE= 1,2-dichloroethane, 
RT = Room Temperature, N/A = not applicable
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A  dry, three necked, round bottom flask was flushed with nitrogen and to it added o f  
solvent (50 cm 3). KM  polym er (5 g) w as then dissolved in the solvent with stirring w ith  
continuing nitrogen purge. Once all polym er was dissolved, chlorosulfonic acid was 
added to the flask and the flask w as heated to the desired temperature. Once at 
temperature the reaction mixture was stirred for the required time. The polym er was then  
precipitated into cold water (2 dm3) and allow ed to stir for 1 hour. The suspension was 
then allow ed to settle and excess water decanted, replaced and the mixture stirred. This 
was repeated tw ice. The solid was then filtered and washed three tim es w ith hot water 
(500 cm 3). The polym er was then dried, overnight, at 60°C under vacuum. Conditions 
used in the optimisation reactions are summarised in Table 2.1.
These conditions are split into four m ain optimisation areas, stoichiom etry (C SA 01- 
C SA 06), solvent com position (C SA 07-C SA 11), temperature (C SA 12-C SA 16) and tim e 
(C SA 17-C SA 21). Experiment CSA01 was carried out to give a com parison to the 
standard sulfuric acid method o f  sulfonation em ployed by Cytec Engineered Materials. 
For this reaction, chlorosulfonic acid was used as solvent and sulfonating agent.
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2.3 Results and discussion
2.3.1 Initial experiments
In the course o f  the experimental work, three techniques were used to analyse the 
products o f  these initial experiments.
a) Results from proton NMR spectroscopy
Table 2.2 Results of proton NMR spectroscopy (All samples run in DMSO at 500 MHz and 80°C)
Experiment Sample Sulfonating agent Reaction solvent system Degree of Sulfonation (%, NMR)
N/A KMSTD N/A Standard (Unsulfonated) 0
N/A CS001 h 2s o 4 Standard (Sulfonated) 95
N/A HS001 N/A Re-pptd. from SFL 0
1 HS002 CSA DCE 26
2 HS003 CSA DCE/SFL 8
3 HS004 xs CSA SFL 73
4a HS005 CSA SFL 18
4b HS006 CSA SFL 23
10 HS007 S 0 3-Py DCE 5
11 HS008 S 0 3-Py DCE/SFL 0
12 HS009 S 0 3-Py SFL 4
8 HS010 h 2s o 4 N/A 76
9 HS011 h 2s o 4 SFL 41
5 HS012 MSA DCE/SFL 4
6 HS013 MSA DCE 4
7 HS014 MSA SFL 4
13 I-IS015 s o 3 DCE 3
14 HS016 s o 3 DCE/SFL 3
15 HS017 S 0 3-SFL DCE/SFL 7
16 HS018 s o 3-t e p DCE 0
17 HS019 SOr TEP DCE/SFL 2
CSA = chlorosulfonic acid, MSA = methane sulfonic acid, Py = pyridine, TEP = triethyl phosphate, 
SFL = sulfolane, DCE = 1,2-dichloroethane, N/A = not applicable, 
complex with sulphur trioxide is indicated by
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b) Degree of sulfonation by viscometry.
Table 2.3 Results of viscometry experiments
Sample* Time (s) Relative viscosity (Rv) %sulf
DMF 488 1.00 N/A
KMSTD 224 0.46 0
CS001 346 0.71 95
HS001 226 0.46 1
HS002 233 0.48 7
HS003 251 0.51 21
HS004 336 0.69 88
HS005 291 0.60 52
HS006 285 0.58 48
HS007 237 0.49 10
HS008 231 0.47 5
HS009 299 0.61 59
HS010 343 0.70 93
HS011 316 0.65 72
HS012 262 0.54 30
HS013 236 0.48 9
HS014 266 0.55 33
I4S015 259 0.53 27
HS016 268 0.55 34
HS017 278 0.57 42
HS018 228 0.47 3
HS019 273 0.56 38
* For solvent system and sulfonating agent see Table 2.2; for experimental detail see Section 2.2
Degree o f  sulfonation (%sulf) is calculated relative to the results for KM STD and CS001. 
K M STD is a sample o f  unsulfonated polym er as supplied by Cytec Engineered Materials 
and CS001 is a sample o f  polym er sulfonated by the sulfuric acid route, also supplied by  
Cytec Engineered Materials. D egrees o f  sulfonation by the standard N M R  spectroscopy  
protocol for this work (Section 2 .2.2.1) were used for these samples with degree o f  
sulfonation o f  the other samples extrapolated from their relative viscosity.
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c) Degree of sulfonation by titration
Table 2.4 Degree of sulfonation by titration
% Sulfonation for each repeat measurement and resultant average (n =  3)
Sample 1 2 3 A verage
STD 0.01 0.03 0.00 0.01
CS001 9.81 7.65 13.20 10.22
H S001 0.50 0.10 0.20 0.27
H S002 4.30 3.50 4.50 4.10
H S003 4.20 5.40 4.60 4.73
H S004 4.60 2.50 3.80 3.63
H S005 4.80 4.30 4.50 4.53
H S006 4.10 3.60 3.90 3.87
H S007 3.96 4.00 3.85 3.94
H S008 2.12 2.52 2.45 2.36
H S009 6.54 5.98 5.75 6.09
H S010 8.10 7.56 7.94 7.87
H S011 2.12 2.54 2.39 2.35
H S012 2.11 2.56 2.44 2.37
H S013 2.56 3.20 2.84 2.87
H S014 4.27 4,56 4.42 4.42
H S015 5.39 5.63 5.54 5.52
H S016 4.50 4.65 4.59 4.58
H S017 6.30 6.00 6.13 6.14
H S018 4.20 4.12 4.05 4.12
H S019 2.10 2.35 2.24 2.23
Table 2.4 summarises the results obtained using the titration method described in Section  
2 .2 .2 .2 , it show s that the results obtained by this method are low , even in cases where 
N M R  results show  significant sulfonation. This is probably due to slow  diffusion into and 
out o f  the polymer. Trends seen in the N M R  spectroscopic measurements appear to be
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follow ed, but there is little evidence that the results are representative o f  the degree o f  
sulfonation rather than diffusion characteristics because the results appear to be very  
similar for each sample.
2.3.1.1 Discussion of results for sulfonic acid sulfonations
Experiment 1 was carried out as a control experiment to assess the literature m ethod1 o f  
sulfonating polysulfones. It was initially carried out on the basis that the chlorosulfonic 
acid could react at one o f  four sites on the di-ether linked aromatic ring. This did not give  
the diffuse solid mentioned in the literature and so the levei o f  chlorosulfonic acid was 
increased to be equivalent to a 1:1 stoichiometry (CSA:polymer repeat unit). The lack o f  
solubility o f  KM 180 in dichloroethane was not considered to be an inhibiting factor as 
the external surface o f  the ‘liquid-like’ mass is comparatively large and the solid  
characteristics o f  the material appeared to have been com pletely destroyed by the solvent. 
After the second portion o f  chlorosulfonic acid was added the diffuse brown solid  
m entioned in the literature appeared to have been formed but was not isolable by 
filtration. It appeared not to be a bulk solid but a diffuse ‘liquid-like’ phase or very finely  
divided solid.
Experiment 2 was undertaken to assess the possibilities o f  a m ixed solvent system  
involving the polym erisation solvent, sulfolane. Dichloroethane and sulfolane are 
m iscible, but dichloroethane has the substantially lower boiling point, thus it is 
experim entally straightforward to remove the dichloroethane even from this m ixed  
system . The m iscibility o f  solvents was useful as chlorosulfonic acid d issolved  in the 
dichloroethane and K M 180 dissolved in the sulfolane thus allowing interaction between  
the two. A n excess o f  chlorosulfonic acid was used to try to recreate the final conditions 
o f  the previous reaction (experiment 1) for comparison. A  liquid like m ass formed but 
dissolved upon evaporation o f  dichloroethane, the polymer was isolated by quenching the 
remaining mixture in water.
Experiment 3 was undertaken to try to recreate the conditions previously used with  
concentrated sulfuric acid. This was done to assess the relative effectiveness o f
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chlorosulfonic acid compared to concentrated sulfuric acid. Gas was evolved  during the 
reaction suggesting that sulfur trioxide, rather than the chlorosulfonic acid itself, is the 
sulfonating agent as the gas represents loss o f  HC1. It was thought to be HC1 due to the 
observed white fum es, which turned blue litmus, red suggesting an acidic gas. 
Breakdown o f  the acid gives this species and sulfur trioxide. Brown glassy aggregates 
were present in the final product and show  that impurities are present in parts o f  the 
sample. This strongly suggests that either acid or sulfolane remain in the polym er and 
cause this change in m orphology under the drying conditions. This is consistent w ith  
work carried out on sulfonation o f  the reaction mixture with concentrated sulfuric acid by  
Cytec Engineered Materials. The reaction o f  chlorosulfonic acid w ith KM  show s a good  
degree o f  sulfonation and show s that this acid is a suitable replacement for sulfuric acid.
Experiment 4a showed little sulfonation and there were no unexpected observations, it 
was thus assum ed that the chlorosulfonic acid reacted with the sulfolane during the pre­
dissolution6. Experiment 4b where the chlorosulfonic acid w as added directly to the 
reaction mixture and not pre-dissolved, was carried out to remedy this. The product from  
this reaction w as seen to be more sulfonated and o f  better quality thus confirm ing that the 
chlorosulfonic acid was affected by pre-dissolution in sulfolane and that this acid is a 
suitable sulfonating agent. Heat was applied to both reactions in order to d issolve the 
polym er fully.
Experiments 5, 6 and 7 show ed som e interesting features although the levels o f  
sulfonation achieved were minimal. The first o f  these was that, in the experim ent in 
w hich only dichloroethane was used as the solvent, the addition o f  m ethanesulfonic acid  
caused the polym er to slow ly  go into solution. From the previous experim ents, however, 
the polym er is only sw elled  or dispersed in this solvent, but in this case solubility w as 
observed for the first and only time. This strongly suggests a definite interaction o f  the 
polym er and sulfonating agent, but, as the sulfonated form o f  the polym er is also 
insoluble in dichloroethane, this interaction m ay not be one which leads to sulfonation o f  
the polym er but com petes with the sulfonation process. It is also possib le that the same
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interaction occurs in the m ixed dichloroethane-sulfolane system  but as this intimate 
mixture d issolves the polym er it w as im possible to tell by observation.
The fact that sulfolane is known to com plex w ith sulfur trioxide6 show s that a com peting  
process is present w ith both o f  these sulfonating reagents. A s the species o f  sulfonation is 
alm ost always sulfur trioxide, sulfonation w ill be hindered by the presence o f  sulfolane. 
This is not borne out by the results as chlorosulfonic acid in sulfolane still results in high  
sulfonation levels. The main support for this theory com es from experim ent 4a, as this 
clearly show s that pre-dissolution in sulfolane causes a drop in sulfonation.
2.3.1.2 SO3 complexes
Experiments 10, 11 and 12 did not provide, significantly sulfonated polym er, but did not 
give any clues as to w hy this was. The previous experiment tells us that it is probable that 
the sulfonating agent is too m ild to perform the reaction. Interestingly, the m ixed  
dichloroethane/sulfolane solvent system  was better at dissolving the pyridine-sulfur 
trioxide com plex than dichloroethane itself. It is known that sulfur trioxide and sulfolane 
form a com plex2-3 and the increased solubility w as attributed to this fact. These results for 
pyridine-sulfur trioxide com plex show  that the level o f  sulfonation drops w ith sulfolane 
present in solution and thus also supports this hypothesis.
Carrying out a comparative set o f  experiments using the standard sulfur trioxide solution  
(Section  2 .2 .3 .2 .3) was hampered by the fact that dichloroethane had to be present in each  
o f  them  (Section 2 .2.3.2). W hen the standard solution was used in the dichloroethane- 
only solvent system  the polym er w as not dissolved but became diffuse w hen added to the 
solution as had happened in previous experiments. In the sulfolane-dichloroethane 
system , literature6 w ould suggest that even i f  no reaction took place there should be a 
reaction betw een the sulfur trioxide and the sulfolane, but none w as observed. The 
presence o f  a brown sedim ent after the dissolution o f  sulfur trioxide m ay give an 
indication that it had reacted with dichloroethane, to give a by-product. Therefore, this 
suggests that the S 03-sulfolane solution did not form properly.
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A s m entioned earlier the literature suggests that a vigorous, exothermic reaction occurs 
betw een sulfolane and sulfur trioxide. A  brown precipitate is expected to form but, when  
the standard sulfur trioxide solution and sulfolane were m ixed, no exothermic 
precipitation was observed. It was assumed that the presence o f  dichloroethane 
moderated the reaction and d issolved  the com plex, so sulfonations were attempted and 
K M 180 added. The polym eric product o f  this reaction was hard to precipitate and kept 
form ing a sticky brown solid instead o f  a white powder until it w as dried and re­
precipitated. This points to there being dichloroethane left in the solid  which continued to 
sw ell it, but it is also possib le that more sulfolane than usual was left in  the final solid  due 
to som e interaction between the sulfolane, sulfur trioxide (or sulfonated site), and the 
polymer. This difficulty w ith precipitation was also observed in the reactions involving  
sulfur trioxide and triethyl phosphate. In reaction 17 the dichloroethane was rem oved by 
distillation, but still no exothermic precipitation was seen. This m ay be due to loss o f  
sulfur trioxide in the distillation but this w ould be expected to be neglig ib le due to the 
com plexation w ith sulfolane.
The inconsistencies in the three methods o f  analysis give pause to any wide-ranging  
statement based on these initial experiments. The use o f  titration to analyse the degree o f  
sulfonation is clearly not viable for this system  without major m odification, but the other 
tw o m ethods both identify chlorosulfonic acid as the m ost viable alternative to sulphuric 
acid. This is borne out by the literature, in which chlorosulfonic acid and sulfur trioxide 
species are used2'5. The use o f  sulfur trioxide in further experiments was ruled out more 
on the basis o f  its extreme practical problems, as the experiments carried out cannot have 
given  a true reflection o f  its sulfonating power i f  it is used so extensively in literature. 
Several non-isolable samples were obtained from sulfur trioxide system s, which m ay  
im ply a high degree o f  sulfonation but is incompatible with the idea o f  a stable fuel cell 
membrane. These concerns, com bined w ith the experimental results led  to the choice o f  
chlorosulfonic acid for further work.
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2.3.2 Optimisation of chlorosulfonic acid sulfonation
The fo llow ing results were obtained by proton N M R  spectroscopy.
Table 2.5 Results o f optimisation
Experiment % sulfonation per repeat unit Quality
CSA01 103 Trace Amount
C SA 02 4.8 Good
CSA03 73 Good
C SA 04 78 Good
CSA05 96 Fair
CSA06 96 Trace Amount
CSA 07 96 Fair
CSA 08 85 Poor
CSA 09 46 Trace Amount
CSA 10 88 Trace Amount
CSA11 95 Good
CSA 12 35 Good
CSA 13 79 Good
CSA 14 86 Fair
CSA15 95 Poor
CSA 16 105 Poor
CSA 17 78 Good
CSA18 83 Good
CSA 19 86 Fair
CSA 20 87 Fair
CSA21 90 Poor
For experimental conditions see table 2.1 
Quality of sample is measured arbitrarily (see text)
These results can be better view ed  as a series o f  graphs to allow  for com parison o f  each  
variable. Each variable was optim ised to provide the standard conditions for optim isation
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o f  the next, thus graphs o f  degree o f  sulfonation against amount o f  chlorosulfonic acid, 
solvent com position, temperature and tim e are used to present the results (Figure 2.4-2.7).
CSA(eqv)
Figure 2.4 Comparison of chlorosulfuric acid equivalent and the degree of sulfonation.
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Figure 2.5 The degree of sulfonation with increasing solvent content.
85 % sulfonation was taken as the benchmark for acceptable product and thus the 
optimum conditions for sulfonation were taken to be 7.5 equivalents o f  chlorosulfonic 
acid, in  sulfolane, at 85°C, for 8 hours. A s w ell as the degree o f  sulfonation achieved, 
also taken into account was whether ‘good’ quality product was obtained. B y ‘good ’
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quality product is meant, product which can straightforwardly be isolated as a white 
powder without being soluble in water and w hich shows no deterioration in colour nor 
forms any 'glassy' particles upon drying.
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Figure 2.6 The degree of sulfonation with increasing temperature.
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Figure 2.7 Degree of sulfonation with increasing time for reaction.
A ll experiments were carried out using the same method, as detailed in the experimental 
section, and there is little difference in the appearance o f  the reaction mixture from one 
set o f  conditions to the next. Each reaction, excepting C SA 07-C SA 10, darkened from a 
brown solution to a black solution, with gas evolved, upon addition o f  chlorosulfonic
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acid. Those reactions, where dichloroethane formed the majority o f  solvent, comprised  
solvent and discrete fluid polymer until the chlorosulfonic acid was added, but assumed  
the same appearance as the other reaction mixtures thereafter. The main differences 
betw een reactions came in the quality o f  product achieved and whether the product was 
isolable.
In m ost cases the degree o f  sulfonation was the determining factor in whether the product 
was isolable. For high degrees o f  sulfonation (>95% ) it is probable that the balance o f  
hydrophobic backbone w ith hydrophilic functional group was such that the residual 
sulfolane associated with the polymer caused it to becom e water soluble. The only  
conditions where this was not the case were those where dichloroethane formed the 
majority o f  the solvent system. In these cases the polymer was unable to be isolated  
ow ing to the nature o f  work up. Dichloroethane w ill sw ell the polym er and not be washed  
out by the aqueous work up, thus the polym er w ill be diffuse throughout 2 dm3 o f  water. 
In order to isolate more than small quantities o f  the polymer the work up would need to 
be adjusted for these system s.
The hydrophilic/hydrophobic balance w ill also determine how  much residual sulfolane is 
in the sample. This, in turn, w ill determine whether the product retains its powdery  
appearance upon drying. I f  there is too much sulfolane retained in the sample then, under 
heating and reduced pressure, the solid w ill becom e a brown glassy solid. This is due to 
sulfolane sw elling the polym er when heat and reduced pressure are applied, leading to a 
change in morphology. A s w ith solubility, the ability o f  a solvent to sw ell the polym er is 
increased when the solvent is heated, thus the combination o f  heat and reduced pressure 
w ill sw ell the polym er resulting in a brown glassy solid being formed. Upon grinding, 
this solid can be powdered and have an appearance which is consistent w ith other 
sam ples, but this adds an extra stage to the work up and denotes that too much sulfolane  
is retained within the sample.
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2.3.2.1 Stoichiometiy
The optim isation has focussed on four variables: amount o f  chlorosulfonic acid used, 
solvent com position, temperature and time. Amount o f  chlorosulfonic acid and 
temperature have shown a tendency toward a lim it to the degree o f  sulfonation achieved. 
This is consistent w ith the reaction schem e (Figure 2.8) because once one active site in  
the repeat unit has been sulfonated there is a deactivation o f  that ring for further 
sulfonation due to the electron withdrawing nature o f  the sulfonic acid group.
Y
Figure 2.8 Sulfonation of ICM polymer
This m eans that once every repeat unit has been sulfonated once (100%  sulfonation) more 
and more extreme conditions are required to add each subsequent sulfonic acid group. 
The fall in reactivity before reaching 100% sulfonation is due to the probability o f  finding  
a reactive site on the polymer; the higher the degree o f  sulfonation, the few er sites are 
available on the polym er and thus the likelihood o f  sulfonating one is decreased. This 
activation barrier leads to a lim iting relationship to the degree o f  sulfonation, which is 
seen for both concentration and temperature. This is a typical lim iting relationship and 
because increased concentration o f  chlorosulfonic acid and temperature w ill both increase 
the probability o f  substitution.
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2.3.2.2 Solvent Composition
The solvent com position, however, does not affect the probability o f  reaction in the same 
way. It does not affect the concentration, nor does it contribute to the reaction directly. 
Solvent can bring the reactants together so that reaction can occur and can stabilise  
transition states. In this case it is shown that pure solvent, whether dichloroethane or 
sulfolane, allow s reaction to occur m ost freely. This is probably due to sulfolane being a 
good solvent for KM  polym er and dichloroethane being a good solvent for chlorosulfonic 
acid, but the mixture being less good for both at this level o f  chlorosulfonic acid. The 
lowered reactivity in the m ixed solvent system  also suggests that any beneficial 
interaction between sulfolane and chlorosulfonic acid is probably disrupted by the m ixing  
o f  solvents. In the pure dichloroethane case, however, addition o f  chlorosulfonic acid 
results in the dissolution o f  the polymer. This would suggest that there is an immediate 
reaction o f  the polym er upon addition o f  chlorosulfonic acid in this case.
2.3.2.3 Time
The study o f  degree o f  sulfonation versus  tim e shows clearly that the degree o f  
sulfonation w ill increase in proportion to the tim e o f  reaction. The range studied here 
could suggest either a linear relationship or one which is more com plex. A s discussed  
earlier, there are lim its on the m axim um  amount o f  sulfonation, which can be achieved by  
using this reaction, thus the relationship must be more com plicated than a purely linear 
relationship. The sigm oidal shape o f  the curve could be due to experimental error but, as 
there appeal's to be a second relationship betw een tim e and percentage sulfonation, w e  
cannot rule out multiple sulfonation on repeat units as a cause o f  this result.
From this optimisation it can be concluded that the optimum conditions for the 
sulfonation o f  KM 180 using chlorosulfonic acid are 7.5 equivalents o f  chlorosulfonic 
acid, 85°C and 8 hours in sulfolane. It has also been shown that there is a lim iting  
relationship between both number o f  equivalents o f  chlorosulfonic acid used and 
temperature o f  reaction and degree o f  sulfonation achieved. This has been attributed to 
the lim iting nature o f  the reaction at a second site on the di-ether linked ring. The effect
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o f  solvent system  on the degree o f  sulfonation has been discussed and it has been  
concluded that the addition o f  chlorosulfonic acid results in sw ift sulfonation o f  the 
polym er, w hich is affected w hen the solvent system  is mixed. The effect o f  tim e on  
degree o f  sulfonation is expected to be limited by the same factors w hich lim it the effects 
o f  equivalents o f  chlorosulfonic acid and temperature, but this has not been seen in this 
study. M ultiple sulfonation o f  the repeat unit could be responsible for this.
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2.4 Conclusions
The sulfonation o f  KM  180 has shown itse lf to be governed by several factors. K inetic 
principles affect the reaction and manifest as the relationships to tim e, temperature and 
stoichiom etry seen in the optimisation. This has allowed a standard sulfonation procedure 
to be created and reported (Section 2 .3 .2) and while, in som e respects, sum m ing up this 
chapter is relatively straightforward the two other factors investigated in the course o f  this 
work are also o f  interest.
The com position o f  the solvent system  is commented upon for each o f  the sulfonating 
agents investigated and found to be a lim iting factor to product quality in som e cases. 
Either solvent can be retained in the polym er and lead to glassy aggregates in the final 
product. W ith sulfolane it is an indication o f  high sulfonation levels and w ith  
dichloroethane it is m ost probably an indication o f  low  sulfonation levels or uneven  
sulfonation along chains. The interaction o f  sulfur trioxide with sulfolane is known2 3 and 
this is the m ost desirable solvent as it rem oves the need for polym er isolation between  
synthesis and sulfonation. The need for dichloroethane in the use o f  sulfur trioxide was 
unfortunate as a sulfonating agent made from the sulfolane and sulfur trioxide w ould be 
extrem ely desirable, but the performance o f  the pyridine com plex does not im ply that the 
resultant reagent would be strong enough for this reaction.
This investigation o f  sulfur trioxide based reagents was disappointing but, given that the 
investigation w as undertaken to establish an industrially com patible sulfonation schem e, 
the application o f  such a vigorous compound on a large scale w ould be much more 
expensive than the use o f  a sulfonating agent (e.g. chlorosulfonic acid) w hich is 
straightforwardly handled in the laboratory. The interaction o f  sulfolane w ith sulfur 
trioxide m ay also have been a concern as a com peting process to the sulfonation, though  
this could not be measured due to the presence o f  dichloroethane.
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The investigation o f  sulfonation has not only given a standard procedure which can be 
applied to a ‘one-pot’ synthesis o f  the sulfonated polymer, but also valuable insight into 
the potential experimental concerns with the finished material.
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CHAPTER 3: POLYMER CHAIN 
EXTENSION VIA END GROUP 
REACTIONS
Chapter 3: Polymer chain extension via end group reactions
3.1 Introduction: Chain extension of polymers
The long term stability o f  the membranes is o f  importance i f  polym er electrolyte 
membrane fuel cells are to rival the internal combustion engine in automotive transport, 
or batteries in small scale applications. Hydrogen is typically used as fuel in these cells  
and this leads to a highly efficient conversion o f  energy with the only by-products being  
water and heat. N afion uses the hydrophobicity o f  a fully fluorinated branched backbone 
balanced against the hydrophilicity o f  the proton conducting sulfonic acid groups to 
retain structural stability in the humid conditions o f  the cell. Other membranes similarly 
use this balance o f  hydrophilic and hydrophobic regions to retain stability but the use o f  
methanol in fuel cell system s can give stability problems. M ethanol is another possible  
fuel w hich is favourable, due to the ease o f  conversion o f  existing infrastructure and the 
hazards associated with com pressed gas. O wing to this drive toward methanol as fuel, 
chem ical stability o f  membranes is an even more major factor in their suitability as w ell 
as proton conductivity.
Chain extension lengthens the polym er chains thus hindering their m ovem ent past each  
other, and it can also introduce small regions o f  another functionality (e.g. crystalline 
structures in an otherwise amorphous polym er) to give other properties. Fuel cell 
membranes can be stabilised using many different methods in the same w ay as any other 
polym er, but a few  things must be remembered when selecting the right curing 
m ethodology. W hen casting a membrane from solvent it w ill be more difficult to get the 
required concentration o f  chain extended material into the casting solution to enable the 
membrane to form. A lso, i f  the chain is extended once the membrane has been cast, 
m echanical enhancement can be achieved with minimal disruption to the proton  
conducting characteristics. The importance o f  aggregation o f  proton conducting groups in 
fuel cell membranes m ay thus favour chain extension. In fuel cell operation, however, the 
membrane must retain its hairier properties and impurities, which m ay be caused by in 
situ  reaction, can be washed out over tim e and may lead to porosity in the finished  
membrane. It can be advantageous to cure the membrane once it has been cast but in 
these cases attention must be paid to the nature o f  the side products o f  the reaction.
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Sulfonated K M 180 is a poly(ether sulfone) with amine end groups which, once 
sulfonated, shows proton conducting characteristics. The balance o f  main chain 
hydrophobicity with sulfonic acid group hydrophilicity has been seen  in chapter 2 to be 
delicate, with highly sulfonated samples showing an affinity for water that w ould render 
membranes unstable under fuel cell conditions. It is possible to correct this problem  
through the use o f  chain extenders, hi deciding the types o f  reactions and reagents which  
are suitable for the chain extension o f  this material several things must be remembered. 
A ny polyelectrolyte m ust retain acceptable levels o f  proton conductivity, there must foe 
no volatile impurities generated in the membrane as this w ill lead to pores. A ny non  
volatile products o f  chain extension or crosslinking must be as resistant to the operating 
conditions o f  a fuel cell as the membrane or pores m ay allow  fuel crossover.
H2C = C —C —0 —Polymer— O —C —C=ChL  
2 H H2 H2 H 2
Figure 3.1 Examples of reactive polymer chain ends
The synthesis o f  polysulfones via  diphenolic and halogenated monomers can be used to 
give either halogen or OH end groups, and addition o f  m eta -amino phenol as an end 
capper is used to yield the amine endgroups in KM 180. These groups react w ith  
anhydrides, epoxides, diisocyanates, bism aleim ides, vinyl groups and acrylates among 
others1 Other than amine many reactive chain ends are possible such as oxazolines, vinyl 
groups, and carboxylic acids2 (Figure 3.1).
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These m odified polym ers show  a w ide range o f  possible mechanisms for chain extension  
o f  the polymer, though extending through amine ended polym er w ould not require 
adjustment o f  the polym er synthesis.
Figure 3.2 General reaction of anhydride with amine
A  com m on method o f  chain extending amine ended polymers is forming imides. This 
involves the reaction o f  the amine end groups with dianhydrides to form the imide 
linkages (Figure 3.2). This is a versatile method o f  forming co-polym ers w ith other 
materials. There is, however, formation o f  water as a by-product w hich needs to be 
considered. This m ay leave pores in the membranes, though i f  curing occurs at low  
temperatures or the water does not volatilise during the process, then this may aid the 
aggregation o f  sulfonic acid groups. The intermediate in the imide synthesis could also 
give possib le chain branching through the carboxylic acid groups and using either amine 
ended or anhydride ended polymers could allow  other polymers to be added to KM  180 
through copolymerisation. The reaction o f  dianliydride with an amine ended silicon- 
containing monomer (Figure 3.3) shows how  this chemistry can be em ployed to produce 
copolym ers w ith other types o f  system.
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Figure 3.3 Reaction of anhydride with amine functionalised silicate
Similar to formation o f  im ides is the reaction o f  amine ended polym ers with acid  
chlorides to form amides (Figure 3.4)
o      o  o    . ov  / ___v. M ii / ------\  ii
Cl"
Figure 3.4 General reaction of amine ended polymer and acid chloride
y — ^  +  H2N — polymer— NH2 *■ U— — ^ - N — polymer]^— *
This method is also used to copolym erise amine ended polymers or chain extend them. 
Both o f  these methods w ill lead to rigid structures within the polym er w hich should  
stabilise the material over and above the effects o f  added chain length. The benefit o f  the 
second o f  these system s is that the only by product is hydrogen chloride w hich should not 
leave pores as it w ill be produced during the preparation o f  the membrane casting 
solution. One concern w ith these methods is that the reactions w ill, to som e extent, occur 
immediately. This alleviates the problem o f  evolved hydrogen chloride, but w ill result in 
the membranes forming with structure arranged to facilitate this reaction and chain  
extended material being present in the casting solution which could lead to insolubility. 
A m ide/im ide formation from polysulfones does, however, give added stability to 
materials and w ould be useful for membrane strengthening assuming that solubility o f  the 
materials for casting is unaffected.
Kawakami et a l  have used amine ended poly(ether sulfone)s as building blocks to 
produce high temperature polym ers4. Poly(ether sulfone) diamines were investigated for
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inclusion in high temperature polyam ide and polyim ide thermosets. Several methods, 
involving acid chlorides and anhydrides, were examined and som e o f  the resulting 
materials were found to be useful as processable high temperature polym ers.
Isocyanates are another class o f  functional group which is com m only used in the curing 
o f  both hydroxy and amine ended polym ers (Figure 3.5). These produce no
0 = c = N —A r-N — C = 0  +  XH— Polymer XH
X = O gives polyurethane 
^  X = NH gives polyurea
O O
U H H III 
— N— Ar—N— N— X— Polymer-----------
Figure 3.5 Reaction of isocyanate with polymer end groups
by products and are thus very desirable for use in s itu . These materials are w idely  
available and their chemistry w ell known. The formation o f  urethane or urea linkages 
leads to possibilities for different kinds o f  spacer groups to be added to the material 
giving different properties. Problems can occur due to the high reactivity o f  the 
isocyanate group leading to side reactions forming branched structures though this may 
be advantageous for membranes. Another problem with this type o f  system  is the high  
toxicity  o f  the isocyanates, w hich w ill lead to com plications in the handling o f  these  
system s.
Another method which also introduces sulfonic acid functionality is to use a sulfonated  
chain extender and this has been reported by Fang e t a l 5. A  sulfonated form o f  diamino 
diphenyl ether was used to produce proton conducting polyim ides by reacting w ith a 
dianhydride.
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Another chain extending chemistry is the reaction o f  an oxazoline ring with a hydroxy 
ended polym er6'7. This reaction is seen in Figure 3.6 and gives a poly(amide-ether).
-N / = \  N.
HO—Polymer— OH +  / — \ _ j /
0  / = \  0
* 4 - o - c - c - n - * m (  \ — U _N_ c _ c _ 0 _ p 0|ymer_^_, 
H2 H2 H  fj  H H? H?
Figure 3.6 Reaction of to-oxazoline with hydroxy ended polymer
W hen a phenolic resin is used in conjmiction with the Zris-oxazoline, a class o f  high  
performance thermosets is possible with good chem ical resistance and thermal stability. 
This method has previously been investigated for use in com posites in aerospace 
applications as have poly(arylene ethers). The reaction produces no by-products and is 
thus very desirable for in s itu  reaction o f  membranes.
This review  has shown that a w ide range o f  options are possible for the chain extension  
o f  K M 180. A ll o f  these m ethodologies can also be used to produce block copolymers 
assum ing that the correct functionalities are present and this review  has demonstrated the 
w ide range o f  functionalities possible for poly(arylene ether)s as w ell as for other 
polym ers. There are, however, many difficulties associated with the formation o f  
membranes to allow  these reactions to occur. The m ost applicable reactions are those in 
which no by-products are formed and which w ill occur once the membrane has been cast, 
but these are not always those which are o f  m ost advantage to the material. Chain 
extension o f  the sulfonated polym er also raises the question o f  the participation o f  the 
sulfonic acid side groups in the curing reaction. H igh curing temperatures m ay also affect 
the proton conducting characteristics o f  the polym er by breaking down the aggregation o f  
sulfonic acid groups, thus lower temperature m ethodologies are preferred. It is for these  
reasons that acid chloride and anhydride based system s are those w hich w ill allow  the 
m ost straightforward cine o f  K M 180 membranes. Despite this, it cannot be forgotten that
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the m ost stable configuration o f  polym er chains may not be suitable for providing 
efficient proton transport through the material and care must be taken to optim ise the 
method considering mechanical strength, chem ical resistance and proton conductivity.
From that discussed above, acid chlorides and anhydrides were identified as suitable 
chain extenders for ICM180. In order to investigate this, glutaryl dichloride, terephthaloyl 
dichloride, isophthaloyl dichloride and pyrom ellitic dianhydride (Figure 3.7) were 
utilised. A n end group crosslinking agent known as Cymel 350 was also investigated in  
conjuction with this work, in order to show  an intermediate chain extension system  is 
possib le between the chain extension investigated here and the sulfonic group interactions 
as discussed in Chapter 4.
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3.2 Experimental
3.2.1 Materials
M odel com pound (m -E S E D A ), Cymel 350, and KM 180 (M n ~  12,000 gm ol'1) were 
supplied by Cytec Engineered Materials. V,TV-dimethyl formamide (DM F) (99% ), 
hydrochloric acid (37% ) and sulfuric acid (97% ) were obtained from Fisher. Sulfolane 
(SFL) (99%) was supplied by Lancaster. ^ara-Toluene sulfonic acid monohydrate 
(PTSA) (99%) and chlorosulfonic acid (C SA ) (97%) were supplied by Acros Organics. 
Isophthaloyl chloride (IPC) (98%), terephthaloyl chloride (TPC) (98% ), glutaryl 
dichloride (GDC) (97%) triethylamine (TEA) (99% ), pyromellitic dianhydride (PM DA) 
(97% ), acetic acid (AcO H) (99.99% ), were supplied by Aldrich. A ll reagents were used  
as received. Sulfonation o f  KM  180 was carried out using CSA and by the standard 
method detailed in Chapter 2. Sulfonated KM 180 is referred to as SK M 180 hereafter.
85
Chapter 3: Polymer chain extension via end group reactions
3.2.2 Analysis
In order to evaluate the success o f  the chain extension reaction and its effect on the 
proton conductivity o f  the resultant membranes, impedance, infrared (IR) and nuclear 
magnetic resonance (NM R) spectroscopies and viscometry were used. IR and NM R  
spectroscopies were carried out as in Chapter 2.
3.2.2.1 Impedance spectroscopy
Impedance spectroscopy was carried out using the following apparatus:-
Lower plate
Figure 3.8 Impedance spectroscopy equipment
The upper and lower stainless steel plates were connected to a Solartron SI 1260 
impedance/gain phase analyser and a range o f  frequency is swept (in this case 106 Hz to 1 
Hz) with a constant amplitude o f  signal (50 mV in this case). A com plex plot o f  Z’ vs. Z” 
is obtained and extrapolated to give the membrane resistance which can be used to 
calculate the ionic conductivity, a , using the formula:
a  =  d/RA
Where d is the sample thickness (mm), R is the membrane resistance (G), and A  is the 
electrode area (mm ).
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Prior to impedance spectroscopic measurements, samples CX01 to CX 50 were boiled in a 
3% hydrogen peroxide solution for one hour and then boiled in water for 1 horn*. Relative 
viscosity  (Rv) measurements were taken o f  each casting solution in the fo llow ing w ay to 
ascertain whether the chain extension reaction had taken place.
3.2.2.2 Viscometry
Each o f  solutions CX01 to CXI 3 was added to an A  sized viscom etry tube, and the tim e 
taken for the liquid to pass between the standard marks measured. R elative v iscosity  (Rv) 
was calculated in relation to DM F (488 s) and sulfonated KM 180 had a R v o f  0.69. There 
were experimental difficulties w ith this technique owing to the high viscosity  o f  som e o f  
the solutions.
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3.2.3 Acid chlorides
Two aromatic di-acid chlorides were studied to try to determine the effects o f  
stereochemistry on membrane formation and the chain extension reaction. A n aliphatic 
chain extender o f  this type was also selected to determine i f  the aromaticity o f  the chain  
extender had any effect. M odel compound w -E SE D A  was also reacted w ith terephthaloyl 
dichloride to probe reaction, but no film  was formed.
3.2.3.1 Glutaryl, isophthaloyl and terephthaloyl dichlorides
Initially (samples C X 001-C X 007 and m odel compound reaction) solutions o f  K M 180 (5 
g, 0 .19 m ol. o f  repeat unit) (or m-ESEDA in the case o f  the m odel com pound reaction) in  
A-dim ethyl formamide (DM F) were made and to them added acid chloride or 
anhydride (0.002 m ol.). These were then stirred under nitrogen for 16 hours. After this 
tim e membranes were east from these solutions in the follow ing way.
A  clean glass plate was placed on a level surface and to it applied 5 cm  o f  solution. The 
solution was then spread on the plate using a film  spreader with gate height o f  400 pm. 
The film  w as then covered, to avoid dust particles, and left to dry in air. After the film  
had dried, residual DM F was removed by drying at 60°C for 6 hours under vacuum. A t 
this point the film s were split into two parts, one being heated at 160°C for a further 4 
hours before being soaked in water the other being immediately soaked in water.
Table 3.1 Film composition of samples CX001 to CX007
Composition
Sample Polymer Chain extender Heat
CX001 sKM N/A N
CX002 sKM TPC N
CX003 sKM TPC Y
CX004 sKM IPC N
CX005 sKM IPC Y
CX006 sKM GDC N
CX007 sKM GDC Y
(Where TPC = terephthaloyl chloride, IPC = isophthaloyl chloride, GDC = glutaryl dichloride,)
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Sam ples o f  each type o f  film  were then analysed using proton N M R  and IR 
spectroscopies and impedance spectroscopy (where film s had formed) to evaluate extent 
o f  reaction and proton conductivity respectively. The m odel compound system  was also 
analysed by N M R  and IR spectroscopies.
3.2.3.2 Triethylamine catalysed and Cymel 350 modified systems
Subsequent film s (samples C X 01-C X 03, CX 05-07) were prepared in order to ascertain 
whether the use o f  triethylamine catalysis or Cymel would affect the chain extension  
reaction, in this case Cymel 350 was used to m odify the final film  properties. Solutions o f  
ICM180 (2.5 g, 0.010 m ol. o f  repeat unit) in N ,N-dim ethyl formamide (DM F) (15 cm 3, 
0.21 m ol.) were made, and to them added acid chloride (0.001 m ol.). Triethylamine or 
Cymel 350 were added at this point in the amounts shown in Table 3.2. These solutions 
were then stirred for 16 horns. After this tim e membranes, were cast from the solutions. 
Film s were cast using the method detailed in Section 3.2.3.1.
Table 3.2 Film composition of samples CX01 to CX03 and CX05 to CX07
Composition
Sample Chain extender TEA (ml) Cymel 350 (g)
CX01 TPC 0.2 N/A
CX02 IPC 0.2 N/A
CX03 GDC 0.2 N/A
CX05 TPC N/A 0.025
CX06 IPC N/A 0.025
CX07 GDC N/A 0.025
(Where TPC = terephthaloyl chloride, IPC = isophthaloyl chloride, GDC = glutaryl dichloride,
TEA = triethylamine)
Sam ples o f  each type o f  film  were then analysed using both proton N M R  spectroscopy  
and impedance spectroscopy to evaluate the extent o f  reaction and proton conductivity, 
respectively.
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3.2.4 Acid anhydride reactions using pyromellitic dianhydride
3.2.4.1 Reaction with model compound m-ESEDA
In order to identify the level o f  reaction o f  end groups and pyrom ellitic dianhydride, the 
fo llow ing reaction was performed. The m odel compound m -ESEDA (5 g, 0.01 m ol.) was 
dissolved in DM F (30 cm3) along w ith pyrom ellitic dianliydride (2 g, 0.01 m ol.). 
Triethylamine (0.2 cm 3, 0 .002 m ol.) was added as catalyst. The solution w as then stirred 
for 16 hours. The reaction was quenched into deionised water and the solid  filtered o f f  
under vacuum. Residual DM F was then rem oved by drying at 60°C for 6 horns under 
vacuum  (sample H S050). At this point a sample o f  the product was heated at 160°C for a 
further 4 hours (sample H S050h). Both samples were analysed by proton N M R  
spectroscopy and IR spectroscopy.
3.2.4.2 Reaction with sulfonated KM180
The use o f  PM D A  to chain extend KM  180 was investigated and all film s were prepared 
using the follow ing method. Solutions o f  sulfonated polymer in DM F (4.5 cm , 0.1 m ol.) 
were made, and to them PM D A  was added, follow ed by triethylamine. The amounts are 
show n in Table 3.3. After stirring for 16 hours membranes were cast from the solutions as 
described in Section 3.2.3.1.
In order to study the chain extended polymer, the follow ing reaction was also carried out. 
Unsulfonated K M 180 (1 g, 0.004 mol. o f  repeat unit) was dissolved in DM F (4.5 cm 3, 0.1 
m ol.) and PM D A (0.05 g, 0.0002 m ol.) was added. Triethylamine (0.2 cm 3, 0.0015 m ol.) 
w as also added at this point. The reaction was stirred for 16 hours and then quenched into 
deionised water. The product w as then washed w ith portions o f  hot water (5x  50 cm 3) and 
dried, under vacuiun, at 60°C for 6 hours. The product was then split into two portions, 
one being heated at 160°C for a further 24 hours and the other being left untreated.
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Table 3.3 Conditions for PMDA chain extended films
Sample SKM 180 (g) P M D A  (g /m o l.) T E A  (cm 3) C ym el 350 (g)
C X 04 5 0 .2 / l.O xlO "3 0.2
C X08 5 0 .2 /1 .0 x 1 0 0
C X 09 5 0 .2 /1 .0 x 1 0 0.1
C X 10 5 0 .2 /1 .0 x 1 0 0.3
CX11 5 0 .2 /1 .0 x 1 0 0.4
C X I 2 5 • 0 .2 /1 .0 x 1 0 0.5
C X I 3 5 0 .2 /1 .0 x 1 0 0.2 0.025
C X26 1 0 .0 2 /1 .0  x lO '4 0.2
C X27 1 0 .0 4 /2 .0 x l0 4 0.2
C X28 1 0 .06 /3 .0 X 10 -4 0.2
C X 29 1 0.08 M .O xlO 4 0.2
C X 30 1 0.10 /  5.0X104 0.2
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3.2.5 Reaction with Cymel 350
In  order to  investigate the use o f C ym el 350 as a cross link ing  agent fo r sulfonated
K M 180  the fo llo w in g  experim ents w ere perform ed. Sulfonated K M 180  (5 g, 0.02 m o l. 
repeat u n it) was disso lved in  D M F  (4.5 cm 3, 0.1 m o l.) and to  th is  so lu tion  added C ym el 
350 i i i  the am ounts shown in  table 3.4. In  order to  try  to  produce a prereacted po lym er in  
so lu tion , various acids were added to  some o f the po lym er so lu tions a fte r C ym el 350 
(Table 3.4). The so lutions were then s tirred  fo r 16 hours. A fte r th is  tim e  membranes 
were cast fro m  the so lu tions. A  clean glass p la te was placed on a leve l surface and the 
so lu tion  app lied  to  it. The so lu tion  was then spread on the p late using a f ilm  spreader w ith  
gate he igh t o f 400 pm . The film  was then covered, to  avoid dust partic les, and le ft to  d ry. 
A fte r the f ilm  had dried , residual D M F  was rem oved by d ry ing  at 60°C  fo r 6 hours under 
vacuum . F ilm s, where form ed, were then soaked in  water.
Table 3.4 Conditions for Cymel 350 cross linked films
Sample S K M 180 (g) C ym el 350 (g) A C ID F ilm
CX41 1 0.01 N Y
C X42 1 0,03 N Y
CX43 1 0.05 N Y
C X44 1 0.08 N Y
C X45 1 0.10 N Y
C X 46 1 0.05 A cO H  (0.5eq) N
C X47 1 0.05 PTSA (0.3eq) N
C X48 1 0.05 PTSA (0.6eq) N
C X50 1 0.05 HC1 (0.5eq) N
3.2.5.1 Gelation with Cymel 350 to investigate end-group survival
In  order to  see w hether endgroups are affected by the ch lo rosu lfon ic  acid  su lfona tio n
C ym el 350 was used as a qu a lita tive  m ethod fo r determ ination o f the presence o f am ine 
end groups. The reaction  o f C ym el 350 w ith  am ine species (F igure 3.9) was used in  order 
to  ascertain the continued presence o f the endgroups before and a fte r ch lo ro su lfo n ic  acid
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su lfona tion . Sulfonated K M 180 (1 g, 3.3x1 O'4 m o l. o f end groups) was d isso lved in  D M F  
(6 cm 3) along w ith  C ym el 350 (0.1 g, 3 .9 x l0 ‘4 m o l.) and /© toluene su lfo n ic  acid (0.5 g,
0.003 m o l.). The so lu tion  was stirred  at 70°C  u n til ge la tion  occurred.
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3.3 Results
3.3.1 Acid chlorides
3.3.1.1 Glutaryl, isophthaloyl and terephthaloyl dichlorides
Table 3.5 Impedance spectroscopy results from initial chain-extension studies
Sample R(ohms) cy(Scm'2) Phases
CX001 2.80E+00 8.80E-05 1
CX002 6.82E+01 3.64E-06 1
CX003 4.30E+00 5.78E-05 1
CX004 3.30E+00 7.53E-05 1
CX005 5.20E+00 4.78E-05 1
CX006 4.45E+00 8.38E-05 2
CX007 7.54E+00 4.96E-05 1
The tab le  above shows the im pedance spectroscopy results fro m  the m em branes cast as 
de ta iled  in  Section 3.2.3.1 w here sK M  is K M  po lym er sulfonated using the op tim ised  
m ethod.
O w ing  to  the lo w  leve ls o f end groups present in  the po lym er, the la b ile  nature o f am ine 
protons and the p o ss ib ility  o f res idua l D M F  in  the samples, p ro ton  N M R  spectroscopy is 
o f lim ite d  use in  analysing end group re a c tiv ity . In  the samples de ta iled  above, there 
w ere, how ever, signals seen w h ich  had no t been observed fo r previous po lym er samples. 
In  the case o f a ll acid ch lo ride  reactions a weak, broad signal was observed betw een 8.5 
and 9 ppm  and in  the case o f the m odel com pound reaction a sharp peak was seen at 10.5 
ppm . These w ill be discussed later. O ther than these peaks, the spectra w ere as expected, 
w ith  degree o f  su lfona tion  im possib le  to  determ ine due to  residual arom atic systems o f 
unreacted chain extender in  a ll bu t the G D C  system  (F igure  3.7). I t  is  also no tew orthy 
tha t there were tw o  (o r m ore) phases apparently present in  the G D C  system  before 
heating bu t subsequently there appeared to  be o n ly  one.
IR  spectroscopy o f these systems showed a shape change o f the band in  the am ine reg ion  
(~3300 c m '1) and an extra  band at ca. 1670 c m '1 w h ich  cou ld  be due to  an am ide, bu t 
there are m any factors w h ich  a ffe c t the in te n s ity  o f peaks in  th is  technique.
94
Chapter 3: Polymer chain extension via end group reactions
3.3.3.2 Triethylamine catalysed and Cymel 350 modified systems
N o d e fin ite  evidence o f  end group reaction was present using IR  o r N M R  spectroscopy
and w ith  the add ition  o f trie th y la m in e  to  the system  th is  w ou ld  be expected to  be m ore 
d iffic u lt than p rev ious ly . The fo llo w in g  im pedance spectroscopy and re la tive  v isco s ity  
results were obtained.
Table 3.6 Relative viscosity(Rv) and proton conductivity(cr) of samples CX01-CX03 and CX05-CX07
Sample Co-reactant(s) R(Q) a (S cm'2) Rv
SKM180 N/A 2.10E+00 9.47E-5 0.69
CX01 TPC 3.54E+00 5.63E-05 7.21
CXOlh 4.12E+00 4.83E-05
CX02 IPC 6.13E+00 3.25E-05 7.55
CX02h 7.49E+00 2.66E-05
CX03 GDC 5.62E+00 3.54E-05 6.65
CX03h 4.52E+00 4.40E-05
CX05 TPC/Cymel 7.52E+01 2.64E-06 0.83
CX05h 3.52E+01 5.64E-06
CX06 IPC/Cymel 7.52E+00 2.65E-05 0.84
CX06h 7.45E+00 2.67E-05
CX07 GDC/Cymel 4.59E+00 4.34E-05 0.71
CX07h 6.26E+00 3.18E-05
In  Tab le  3.6 above, sulfonated K M 180  is re ferred to  as sK M 180 and the s u ffix  'h ' denotes 
tha t the sam ple has been heated fo r 4 hours at 160°C a fter in itia l d ry ing .
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3.3.2 Acid anhydride reactions using pyromellitic dianhydride
3.3.2.1 Reaction with model compound /m-ESEDA
A na lys is  o f the m odel com pound p roduct gave the fo llo w in g  results: IR  spectroscopy 
showed broad peaks at 1720, 1549 and 1233 c m '1 and sharp peaks at 1586, 1486, 1148, 
1107, 838, 793 and 688 cm '1 in  the sam ple before heating (H S050). The heated sam ple 
(HSOSOh) showed a s im ila r spectrum  apart fro m  loss o f the peak at 1549 c m '1, a sharp 
w eak signa l at 1781 cm '1, a s h ift o f the peak at 1720 to  1725 cm '1, a broad signal at 1371 
cm '1 and a peak at 725 c m '1. In  the heated sam ple there was also a d e fin ite  loss o f a broad 
signal at around 3300 cm '1. The reg ion  fro m  1800 to  650 cm '1 is  show n in  F igure  3.10 
and assignm ents g iven in  Table 3.7.
Wavenumber (cm'1)
Figure 3.10 IR spectra of model reaction products
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Table 3.7 Infrared absorptions and assignments for model reaction products
Sample Wavenumber (cnT1) Signal Species
HS050 1720 broad C=0 (carboxylic acid)
HS050 1586 sharp C=C (Aromatic skeleton)
HS050 1549 broad (weak) N-H (secondary bending)
HS050 1486 sharp C=C (Aromatic skeleton)
HS050 1233 broad C=0 overtone
HS050 1148 sharp Sulfone symmetric stretch
HS050 1107 sharp Ether asymmetric stretch
HS050 838 sharp Aromatic C-H bend
HS050 793 sharp Aromatic C-H bend
HS050 688 sharp Aromatic C-H bend
HS050h 1781 sharp (weak) a(3~unsaturated C=0
HS050h 1725 sharp a(3-unsaturated C=0
HS050h 1586 sharp C=C (Aromatic skeleton)
HS050h 1486 sharp C=C (Aromatic skeleton)
HS050h 1371 broad Imide symmetric stretch
HS050h 1233 broad C=0 overtone
HS050h 1148 sharp Sulfone symmetric stretch
HS050h 1107 sharp Ether asymmetric stretch
HS050h 838 sharp Aromatic C-H bend
HS050h 793 broad Aromatic C-H bend
HS050h 725 sharp Imide out-of-plane vibration
HS050h 688 sharp Aromatic C-H bend
P roton N M R  spectroscopy o f  these tw o  samples also gave in te resting  results. The sam ple 
w h ich  was heated showed tw o  broad m u ltip le ts  in  the arom atic reg ion  (o f the sort w h ich  
are genera lly  seen fo r K M  180) whereas the spectrum  recorded fo r the unheated sample 
gave a series o f sharp m u ltip le ts  fo r the same reg ion. (F igure 3.11)
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Figure 3.11 Aromatic region of proton N M R  spectra for the model compound system 
a) prior to heating b) after 4 hours at 160°C
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33.2.2 Reactions with sulfonated KM180
Table 3.8 Impedance spectroscopy results for samples CX04 and CX08-CX13
Sample Rv R (ft) cr (S cm'2)
CX04 7.75 3.68E+00 5.41E-05
CX04h 1.52E+00 1.31E-04
CX08 1.01 No Film N/A
CX08h No Film N/A
CX09 7.54 4.14E+00 4.81E-05
CX09h 2.01E+00 9.88E-05
CX10 7.89 5.19E+00 3.83E-05
CXI Oh 3.75E+00 5.30E-05
CX11 8.08 6.13E+00 3.25E-05
CXI Ih 5.18E+00 3.84E-05
CX12 8.24 7.52E+00 2.65E-05
CX12h 5.98E+00 3.32E-05
CX13 1.07 No Film N/A
CX13h No Film N/A
The p ro ton  co n d u c tiv ity  o f the various film s  studied shows some in te resting  trends. The 
physica l properties o f the P M D A  membranes are also o f in terest as the m em brane w ill 
no t fo rm  unless T E A  is added to  the system. The membrane form ed w hen P M D A  is 
app lied  is , how ever, the m ost robust in  appearance o f a ll the T E A  catalysed mem branes, 
and is the least b rittle . The other systems provided  problem s w ith  rem oval o f film s  from  
the glass plates as they were prone to  tearing, a lthough w ith  C ym el added, there was an 
increase in  fle x ib ility . The p ro ton  conductiv itie s  fo r these systems can be seen in  Table 
3.8 w here i t  is  noticeable tha t the values are no t increased fro m  those reported in  section
3.3.1.1 despite the use o f pre-treatm ent. A  graph show ing the p ro ton  co n d u c tiv ity  o f  the 
m em branes synthesised w ith  increasing T E A  w ith  and w ith o u t pre-treatm ent is show n in  
F igure 3.12.
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Figure 3,12 Graph of Proton conductivity vs. triethylamine addition for pyromellitic dianliydride chain
extended films
The e ffe c t o f the am ount o f P M D A  used was studied by com paring the p ro ton  
conductiv itie s  o f film s  form ed w ith  va ry ing  P M D A  content. The fo llo w in g  data were 
obtained (Table 3.9)
Table 3.9 Impedance spectroscopy results of PMDA chain extended films
Sample Rv R(D) a (S cm'2)
CX26 7.26 2.74E+00 8.25E-05
CX27 7.54 2.45E+00 9.22E-05
CX28 7.68 2.68E+00 8.43E-05
CX29 7.52 1.89E+00 1.20E-04
CX30 7.5 3.40E+00 6.65E-05
These results show  tha t there is a m axim um  o f p ro ton  co n d u c tiv ity  between 0.04 and 0.08 
g o f P M D A  added. The graph o f p ro ton  co n d u c tiv ity  against P M D A  a d d itio n  (F igure  
3.13) shows tha t th is  is no t a sim ple re la tionsh ip . There are c lea rly  tw o  separate
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PMDA(mol. / mol. of end group)
Figure 3.13 Effect of pyromellitic dianhydride addition on proton conductivity and relative viscosity
m axim a in  the chart and, a lthough th is  cou ld  be p u t dow n to  an experim enta l anom aly, 
the com bina tion  o f in itia l reaction  w ith  the anhydride, and the rin g  closure th rough  
heating, m ay exp la in  w hy th is  is  so. The re la tive  v iscosities o f the samples appear to 
show  tha t the m o lecu lar w e igh t is  the s im ila r fo r a ll samples.
In  the case o f  the anhydride system , N M R  spectroscopy fa ile d  to  detect any change other 
than a com p lica tion  o f the arom atic reg ion  w h ich  could have been due to  residua l 
anhydride (o r decom position product) as m uch as a chain extended po lym er.
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3.3.3 Reaction with Cymel 350
The p ro ton  co n d u c tiv ity  o f C ym el 350 crosslinked SKM 180 membranes are show n in
Table 3.10 and F igure  3.14.
Table 3.10 Impedance spectroscopy results of Cymel 350 crosslinked films
Sample a (Scnf2) Cymel
CX41 3.00E-05 0.01
CX42 6.55E-05 0.03
CX43 5.29E-05 0.05
CX44 4.25E-05 0.08
CX45 3.63E-05 0.1
Cymel addition (mol / mol of end group)
Figure 3.14 Effect of Cymel addition on proton conductivity
The va ria tio n  in  p ro ton  co n d u c tiv ity  w ith  am ount o f added C ym el shows tha t it  has an 
in fluence  on the structure o f the film s , as w ou ld  be expected. The fa c t th a t a m axim um  is 
present suggests tha t there is  some bene fit to  p ro ton  co n d u c tiv ity  o f use o f C ym el.
A c id  cata lysis o f the c ross link ing  reaction  was attem pted in situ o f the film  fo rm a tion , bu t 
d id  no t resu lt in  v iab le  film s , w ith  some samples g e llin g  p rio r to  being cast.
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Repeated in situ cross lin k in g  reactions o f sulphonated K M  180 w ith  C ym el 350 gave 
average g e lla tio n  tim e  o f 6200 s, th is  corresponds to  the reaction  o f  the end am ine group 
w ith  C ym el 350 as described in  F igure  3.9.
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3.4 Discussion
3.4.1 Acid chloride reactions
Several usefu l po in ts can be gleaned fro m  these experim ents in to  the use o f  acid ch lorides 
as chain-extenders. The casting o f membranes has shown acid ch lo ride  systems can be 
cast using the same pro toco ls used to  cast sulfonated K M  180 film s . These same systems 
also show  tha t the arom atic acid ch lorides are com patib le  w ith  the po lym er its e lf b y  the 
v isu a l hom ogeneity o f the resu ltant film s . The g lu ta ry l d ich lo rid e  system , how ever, is 
heterogeneous w hen firs t cast and dried. I f  th is  is  due to  a lack o f s o lu b ility  o f the acid 
ch lo ride  in  the po lym er, then the hom ogenisation w h ich  occurs when the film  is heated 
w o u ld  strong ly  suggest tha t chain extension had occurred. There is how ever the 
p o s s ib ility  that, du ring  the d ry in g  process, the acid ch lo ride  prefers to  aggregate w ith  
its e lf than the polym er. I f  th is  is the case, therm al rearrangem ent o f the po lym er m a trix  
w ill a llo w  the g lu ta ry l d ich lo rid e  to  d iffuse  between the po lym er chains leading to  a 
perceived hom ogenisation. I f  the la tte r is  true  then th is  m ay have im p lica tio n s  fo r the 
aggregation o f the po lym er fo r p ro ton  conductiv ity . G lu ta ry l d ich lo rid e  w ill also 
hydro lyse  to  the acid fo rm  and it  is  possible tha t the hom ogenisation o f the film  is due to  
dop ing o f the m em brane w ith  th is  acid. Th is is ve ry  u n lik e ly  to  happen in  the case o f  the 
arom atic acid ch lorides w ith o u t d isrup ting  the membrane its e lf, w h ile  g lu ta ry l d ich lo rid e  
m ay be sm all enough to  d iffuse  in to  the po lym er g iven the th e rm a lly  enhanced m o b ility  
o f the chains.
I t  is  d iff ic u lt to  say w hether the p ro ton  co n d u c tiv ity  results fo r the g lu ta ry l d ich lo rid e  
system  suggest any o f these hypotheses. On the one hand, a chain extended system  w ill 
g ive  s im ila r p ro ton  conductiv itie s  to  the low e r m olecu lar w e igh t po lym er as there has 
been no change in  the side chain. A  longer chain w ill,  how ever, m ake the packing o f 
chains and aggregation o f su lfo n ic  acid groups less certain. I f  cha in  extension is 
occu rring  as the hom ogenisation step, then the e ffect on the packing o f chains should be 
m in im a l. I f ,  on the other hand, the hom ogenisation is a d iffu s io n  o f  the chain extender 
in to  the po lym er m a trix  then th is  w ou ld  be expected to  h inder the p ro ton  conduction. 
Furtherm ore, i f  the chain extender had hydro lysed to  the acid fo rm  i t  w o u ld  h inder the
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aggregation o f su lfon ic  acid  groups o f the po lym er. Even though ac id ic  dopants have 
been w id e ly  investigated (as discussed in  Chapter 1), a ca rboxy lic  acid  ( i f  the acid 
ch lo ride  has, in  fact, hydro lysed as in  F igure 3.15) w ill no t have the same ac id ic  strength 
to  fa c ilita te  the p ro ton  conduction. The drop in  co n d u c tiv ity  a fte r heating fo r the g lu ta ry l 
d ich lo rid e  system  w o u ld  seem to  im p ly  that, w hether a d iffu s io n  o f acid ch lo ride  o r a re ­
packing  o f chains due to  chain extension had occurred, the hom ogenisation step is  no t 
bene fic ia l to  p ro ton  co n d u c tiv ity  and requires fu rth e r investiga tion .
Figure 3.15 Reactions of acid chloride
A ll the p ro ton  conductiv itie s  fo r the in itia l membranes were low . T h is  was p robab ly due 
to  the fa c t tha t these membranes had no t been pre-treated p rio r to  testing. The membranes 
had no t been pre-treated in  order to  see a re la tive  value and select chain-extenders fo r 
fu rth e r testing . A n  im proved p ro ton  conduction characteristic w ill be seen once 
im p u ritie s  have been rem oved bu t w ill fo llo w  the same trend. O w ing  to  th is , the results 
reported in  th is  chapter are less good than w ou ld  be expected fro m  a fu lly  op tim ised  
m em brane. The other fa c to r tha t should be taken in to  account w hen assessing these 
p ro ton  conduction  characteristics, is tha t the membranes prepared so fa r have been fro m  
systems designed to  op tim ise  the leve l o f endgroup reaction  ra ther than p ro ton  
co n d u c tiv ity . S to ich iom etry can be altered subsequently to  g ive the best balance o f p ro ton  
c o n d u c tiv ity  and chain extension.
The analysis o f the degree o f su lfona tion  attained by pro ton  N M R  spectroscopy has been 
re fined  over the course the w o rk  on su lfona tion  o f K M  180 (C hapter 2) bu t the analysis o f
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end group content and chain extension reactions is prob lem atic. A na lys ing  the 
mem branes prepared as deta iled above has also proved to  be prob lem atic. Use o f 
arom atic chain extenders im pedes the a b ility  to  test w hether su lfona tio n  leve ls are 
preserved d iu 'ing  chain extension because the signal from  the chain extender w ill a lte r the 
arom atic reg ion  o f the spectrum  and thus the ra tio  used to  evaluate the su lfona tion  leve l. 
C ond itions used fo r chain extension so fa r are no t extrem e and thus it  is  reasonable to  
assiune tha t su lfona tion  leve ls rem ain the same. The m ore m ajor p rob lem  is tha t the la b ile  
nature o f  am ine protons coupled w ith  th e ir lo w  concentration com pared to  backbone 
protons renders the endgroup signal ve ry  weak and hard to  see by p ro ton  N M R .
S ignals observed fo r the acid  ch lo ride  systems at around 8.75 ppm  can thus be in terpre ted 
in  several ways. T h is is a reg ion  in  w h ich  an am ine pro ton  signal m ay occur, bu t equa lly  
th is  is  the reg ion  in  w h ich  an a ldehyd ic p ro ton  is  seen. M ore  sp e c ifica lly , the am ide 
p ro ton  in  D M F  w ill occur around th is  po in t. Th is is  no t to  say tha t the signa l m ay no t be a 
com b ina tion  o f a ll three; D M F  should g ive  a sharp peak, w h ich  is  no t present. The ve ry  
lo w  leve ls o f D M F  assmned to  be present in  the d ried  membranes, coupled w ith  the 
elevated tem perature, cou ld  resu lt in  a w eak broad signal. The changes in  leve ls o f th is  
signal between d iffe re n t systems is again am biguous. Whereas the change cou ld  be due to  
the residua l D M F  a fte r d ry in g  o f the mem branes, i t  could equa lly be due to  reaction, 
d iffe re n t characteristics o f the chain extended systems, o r the am ino p ro ton  fro m  the end 
group o r am ide fro m  the chain extended po lym er. I t  could also be a com bina tion  o f  a ll 
fo u r o r a concentration e ffect. Th is area o f the spectrum , though p o te n tia lly  in d ica tive  o f 
chain extension, is la rge ly  inconclusive .
The m odel com pound system , on the other hand, shows a ve ry  m uch m ore d e fin ite  peak 
at 10.5 ppm . T h is is in d ica tive  o f a carbon-oxygen (C O H ) system  and, i f  we lo o k  at the 
reaction , the o n ly  system  tha t th is  can possib ly be is te rephtha lic acid  derived fro m  
te reph tha loy l ch lo ride . T h is  im p lies tha t the desired reaction has no t taken place, bu t, due 
to  the  com plex nature o f  the system, it  is im possib le  to  elucidate w hether th is  shows no 
reaction, o r m ere ly p a rtia l reaction. N M R  spectroscopy has proved inconclusive  fo r these 
m embranes and thus IR  spectroscopy was also em ployed.
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A lth o u g h  i t  is  d iff ic u lt to  q u a n tify  species fro m  IR  spectra, it  is  usua lly  possib le  to  te ll 
w h ich  fu n c tio n a litie s  are present fro m  th e ir ow n d is tin c t frequencies. In  the case o f 
po lym er systems th is  is m ore d iffic u lt as the in e rtia  o f the entire  m olecule  w ill a ffec t the 
m ovem ent o f any m ain chain bond, g iv in g  rise to  broadened bands in  the spectrum . Side 
chains and end groups should be less affected by th is , but, w hen s im ila r regions o f the 
spectrum  show  broad bands from  the m ain  chain, end groups can be obscured due to th e ir 
lo w  concentration in  the m olecule.
The s im ila r conductiv itie s  o f a ll the S K M 180 and acid ch lo ride  m em branes w ith  and 
w ith o u t pre-treatm ent can be explained, in  the case o f the T E A  catalysed systems, in  tha t 
the hydro lysed form s o f the acid chlorides w ill add some p ro ton  co n d u c tiv ity  over the 
tim escale o f the m easurement. A fte r the reaction  has taken place th is  is no longer present 
and any im provem ent gained by the pre-treatm ent is negated by the loss o f th is  a c id ity . In  
the C ym el 350 con ta in ing  systems i t  is no t so clear w hy th is  is so. I t  m ay be tha t an 
in te rac tion  o f C ym el 350 and the end groups is set up using the hydro lysed acid ch lorides 
as catalysts o r i t  cou ld  be tha t they are washed out by the pre-treatm ent.
The IR  spectra obtained fo r the chain extended membranes studied show  d iffe re n t band 
shapes than those fo r the standard sulfonated K M  membranes. The spec ific  areas o f 
in terest are those o f the carbonyl reg ion  and the am ine region. In  the carbonyl reg ion  
there is  a band observed (1675 cm '1) w h ich  is no t observed in  the K M  o n ly  case. T h is  is 
no t surpris ing  as the unreacted acid  ch lo ride  (w h ich  w ill be in  the acid fo rm ) w ill present 
a band there due to  its  carbonyl group. W hat is surpris ing  is tha t th is  band is broader than 
w ou ld  be expected fo r a carbonyl w h ich  is free to  m ove. There are tw o  possible 
explanations fo r th is , one is  tha t the acid ch lo ride  is im m ob ilised  by its  in c lu s io n  in  the 
po lym er (as it  w ill be in  the acid fo rm , i t  m ay in te ract w ith  endgroups o r side chains) or 
tha t some degree o f  reaction  has taken place to  fo rm  the am ide and thus cause such a 
broadening. IR  spectroscopy o f th is  k in d  does no t a llo w  any firm e r conclusion. The 
change in  shape o f the am ine peak (as com pared to  K M  on ly ) is perhaps m ore p rom is ing . 
A n  N H 2 group w ill g ive  a doub le t signa l8, whereas an am ide linkage w ill g ive  a s ing le
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sharp band, thus the tra n s itio n  o f the band fro m  broad and truncated to  broad w ith o u t 
trunca tion  suggests tha t, at least some, am ide is present. The anhydride system  shows a 
ve ry  s im ila r resu lt in  the IR  spectrum  w h ich  w ou ld  im p ly  that, even i f  the rin g  opening 
reaction  is  occurring , the rin g  closure to  the im ide  is not. C haracteristic im ide  C = 0  bands 
appeal* to  be present bu t are no t w e ll defined. W hat brings fu rth e r doubt to  th is  analysis is 
tha t the N -H  stretches occur on the shoulder o f an extrem ely broad band fro m  hydrogen 
bonded O -H  stretches. T h is is p rob lem atic as, i f  the shape o f the unde rly ing  band is 
changed due to  d iffe rin g  w ater uptake o f d iffe re n t membrane systems, th is  m ay cause the 
change in  shape. A s w ith  the N M R  analysis, there is no t enough evidence to  draw  
conclusions at th is  stage, bu t there are signs tha t some reaction m ay have taken place.
A lth o u g h  there is encouragem ent fro m  the po lym er spectra, the m odel com pound 
reaction  w ith  te rephtha loyl ch lo ride  shows s im ila r results in  both  N M R  spectroscopy and 
IR  spectroscopy though it  w ou ld  be expected tha t a m ore de fin ite  change be seen because 
there is  110 po lym er backbone to  obscure the signal.
The use o f trie th y la m in e  to  catalyse the reaction  (samples C X01-03 and C X 05-07) 
showed s im ila r results to  the in itia l experim ents and the same factors considered above 
w ill app ly to  these systems. T rie thy lam ine  adds an extra com p lica tion  in  the cast 
m em brane, w ith  regard to  the detection o f endgroup reaction. The added am ine 
fu n c tio n a lity  adds to  the broadening o f any am ine signals in  IR  and N M R  
spectroscopiesbecause the tw o  signals com bined w ill g ive  a w eak broad signal. The gain 
in  p ro ton  co n d u c tiv ity  is m ost lik e ly  due to  the pre-treatm ent o f these film s .
3.4.2 Pyromellitic dianhydride reactions
In it ia lly  these systems d id  no t fo rm  film s , bu t w hen trie thy lam ine  was used to  catalyse
the system  film s  resulted. A  m odel com pound was used to  probe the reaction  fu rthe r,
a) Model compound reaction
The m odel com pound system  showed a d e fin ite  change a fte r heat treatm ent and, w h ile  
bo th  p ro ton  N M R  spectra are unclear, the s im p lific a tio n  o f the spectrum  a fte r the heat 
treatm ent s trong ly  suggests tha t the structure o f the heat treated sample is m uch sim p le r
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than tha t before. T h is is borne out by the reaction w h ich  is expected to  have occurred 
(F igure  3.15).
The structure o f the im ide  is  m uch m ore sym m etrica l than that o f the am ide and th is  w ill 
s im p lify  the p ro ton  N M R  spectrum . A lthough  the am ido groups conta in  protons w h ich  
are la b ile  (prone to  deuterium  exchange) and thus hard to  d is tingu ish  in  the N M R  spectra, 
the s tructu ra l isom ers possible fo r th is  species w ill g ive rise  to  a m ore com plicated 
spectrum  due to  secondary, te rtia ry , and through-space coup ling  to  the arom atic protons 
adjacent to the am ide proton. The im ide  system, how ever, should o n ly  g ive  rise  to  one 
s ing le t in  the spectrum  due to  protons on the arom atic rin g  between these w ill be o f 
s im ila r chem ical s h ift to  the other arom atic protons present. Th is is  no t sp e c ifica lly  
id e n tifia b le  as the spectra were taken at 80°C  to  g ive  a good s ta tis tica l average o f the 
repeat u n it ra ther than a v ie w  o f any spec ific  u n it in  the chain.
Figure 3.16 Model reaction used to simulate chain extension of ICM180 with P MDA
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IR  spectroscopy o f these samples showed peaks at the same wavenum bers fo r arom atic 
skeleton carbon-carbon bonds (1586 cm '1), carbonyl overtones (1233 c m '1) (though these 
w ere d iffe re n t shapes fo r the tw o  sam ples), sulfone (1148 cm '1) and ether stretches (1107 
cm "1), and some o f the arom atic carbon-hydro gen bending (838, 793, 688 cm '1). A ll o f 
these relate to  the backbone features w h ich  are com m on to  both the po ly (am ic  acid) and 
the po ly im id e . The peak seen in  the unheated sample at 1720 c m '1, how ever, w ou ld  be 
consistent w ith  the carbonyl o f a ca rboxy lic  acid, whereas the peaks at 1781 and 1725 
cm '1 in  the heated sam ple are m ore lik e ly  to  be due to  an a , p-unsaturated carbonyl as 
w o u ld  be expected fo r an im ide . D in e -H a it and W rig h t9 report tha t the fiv e  characteristic 
im id e  frequencies occur in  the ranges 1770-1780 cm '1, 1720-1730 cm '1, 1340-1500 c m '1, 
1070-1140 cm "1 and 720-760 c m '1, w h ich  is consistent w ith  the results shown fo r the 
heated sam ple. Further evidence o f rin g  closure is seen in  tha t the unheated sample shows 
shoulders on peaks at 1720 and 1586 c m '1 w h ich  w ou ld  be consistent w ith  am ide 
carbonyl and p rim a ry  n itrogen-hydrogen stretch, respective ly. The peak at 1549 cm "1, 
w h ich  disappears a fte r heating, can also be a ttribu ted  to a n itrogen-hydrogen stretch. The 
peak at 1371 cm '1 in  the heated sample spectrum  is  in  the reg ion o f a characteristic im ide  
stretch (as m entioned above) and the reso lu tion  o f a fu rthe r signal in  the arom atic reg ion  
o f the heated sam ple w ill also be due to  a characteristic im ide  signal at 725 c m '1. The 
h igh  energy band at 3300 cm '1 corresponds to  N H  and O H  stre tch ing v ib ra tions  and thus 
its  loss denotes the loss o f e ither O H  or N H  groups or both as w ou ld  be seen a fte r rin g  
closure. The presence o f several o f the fiv e  key im ide  signals in  the heated sample as 
com pared to  the unheated sam ple presents evidence fo r rin g  closure though the spectra 
are no t s u ffic ie n tly  resolved to  be able to  determ ine extent o f reaction.
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b) Chain extension studies with pyromellitic dianhydride
O .  - O
o
o
O +  H2N— polymer— NH,
O
N—polymerj-— *
Figure 3.17 Pyromellitic dianhydride reaction with amine ended polymer
The results fro m  the im pedance spectroscopy and re la tive  v isco s ity  studies show  litt le  
d iffe rence  fro m  acid ch lo ride  systems reported earlier. In te resting  to  note is tha t the 
systems in v o lv in g  both P M D A  and C ym el 350 showed no v iab le  film  p roduction  as d id  
those w ith o u t trie thy lam ine  catalysis. M any o f the other film s  also had problem s in  
fo rm in g , bu t enough sam ple was obtained fo r the testing. A  P M D A /su lfona ted  K M 180  
film  was no t obtainable, bu t w hen T E A  was used to  catalyse the reaction  (C X 04) the film  
was form ed.
In  a system  conta in ing  both C ym el and P M D A  the reaction proposed betw een C ym el 350 
and the end groups o f K M 180  (F igure 3.9) w ill be in  com petition  w ith  chain extension by 
P M D A  w h ich  requires catalysis. W hat is  puzz ling , how ever, is tha t C X I3, where C ym el
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350 and T E A  are present bu t no other acid  is, also does no t fo rm  a film . The o n ly  
possib le  exp lana tion fo r th is  is tha t the acid required to  catalyse the reaction  o f C ym el 
350 w ith  the end groups is p rovided  by  the su lfo n ic  acid fu n c tio n a lity  o f the po lym er and 
thus ne ither it  nor the reaction  w ith  P D M A  can proceed fu lly  as the com pe tition  o f the 
tw o  processes in h ib its  both. A n  adjustm ent o f the re la tive  concentrations o f T E A  and 
C ym el 350 w o u ld  a llo w  e ither the cross link ing  or chain extension reaction  to  occur. T h is 
suggests tha t i t  m ay be possible to  bo th  chain extend via C ym el 350 and P D M A  bu t 
fu rth e r in vestiga tio n  is required.
The results o f the re la tive  v isco s ity  measurements show  c lea rly  tha t the v isco s ity  o f  the 
products o f the chain extension reactions catalysed by T E A  is increased. W ith  the re la tive  
v isco s ity  o f sulfonated K M 180  being 0.69 and m ost o f the T E A  catalysed reactions 
show ing a s ig n ifica n t increase in  v isco c ity , it  is clear fro m  com parison w ith  the sm all 
increase fo r the C ym el 350 systems, tha t the m olecu lar w e igh t o f the po lym er has
I
increased, a lthough no d irec t re la tio n  can be made.
The e ffe c t o f  concentration o f T E A  in  the P M D A  systems can be seen in  F igure  3.12. 
T h is fig u re  shows that the m axim um  pro ton  co n d u c tiv ity  attained fo r the system  is  w ith  a 
heat treatm ent and a T E A  add ition  o f 0.2 cm 3. O w ing to  the com p lex ity  o f  the system  the 
reasons fo r th is  w ill be various, bu t there are a few  th ings w h ich  can be hypothesised 
based on these find ings.
One th in g  tha t can be ru led  out fro m  the p ro ton  conductiv ities is tha t the rin g  opened 
d ianhydride  im parts extra a c id ity  th rough  the exposed ca rboxy lic  acid  group as th is  
w o u ld  lead to  an enhanced p ro ton  co n d u c tiv ity  in  the unheated samples com pared to  
those a fte r the heat treatm ent (once the rin g  has been closed). T h is  im p lies  tha t some 
p rope rty  o f the im ide  linkage gives the m ate ria l a m ore bene fic ia l m orpho logy fo r p ro ton  
co n d u c tiv ity . Th is w o u ld  seem counter in tu itiv e , how ever, as in tro d u c in g  a r ig id  b lo ck  
in to  the m ateria l is expected to  re s tric t chain m ovem ent and thus h inder p ro ton  
conduction. Eastm an et al.I0, how ever, report tha t the h yd roph ilic /h yd rophob ic  balance in  
p o ly im id e  systems a ffects the m orpho logy. T h is  being the case, the in situ rin g  closure o f
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the im ide  w o u ld  be expected to  a ffec t the m orpho logy but, w ith  the film  already 
coalesced in to  hydrophobic and h yd ro p h ilic  regions, the closure o f the im ide  w ill be 
extrem ely d isfavoured unless it  does no t d isrup t the film  itse lf. Th is means tha t the rin g  
closure w h ich  occurs w ill p robab ly anchor the po lym er chains m ore firm ly  in  place and 
any rin g  closure w h ich  has no t occurred leaves behind an acid ic  group w h ich  w ill 
con tribu te  to  p ro ton  conduction. The other p o in t w h ich  m ust be rem em bered is tha t one 
am ide linkage  per 12000 g n io l.'1 m olecu lar w e igh t o f po lym er w ill have a com para tive ly 
sm all e ffec t on the in itia l ordering  o f the po lym er chains during  film  fo rm a tion .
C hain extension o f K M 180  w ith  p y ro m e llitic  d ianhydride and trie th y la m in e  has also been 
reported w ith  respect to  P M D A  sto ich iom etry (samples C X 26-30). The co n d u c tiv ity  
m easurements g ive  a double m axim um  in  F igure 3.13 w h ich  m ig h t suggest tha t tw o  
d iffe re n t factors in  the system  w ill con tro l the co n d u c tiv ity  o f any resu ltan t film . Loo k in g  
at the reaction  scheme (F igure  3.17) it  is  possib le tha t one m axim um  is due to  the success 
o f the chain extension and one is due to  the success o f the rin g  closure, bo th  o f these are 
affected b y  the reaction sto ich iom etry. The add ition  o f rig id  structures to  anchor the 
po lym er chains in  place m ay a id  p ro ton  conduc tiv ity , bu t th is  is the outcom e o f both  
reactions and does no t exp la in  w hy there m ig h t be a drop in  co n d u c tiv ity  between the tw o  
m axim a. W h ile  there m ay be a gain in  p ro ton  co n d u c tiv ity  fro m  the a d d itio n  o f 
ca rb o xy lic  acid fu n c tio n a litie s  i f  the rin g  closure is  no t successful, the concentrations 
concerned are ve ry  sm all and the ca rboxy lic  acid is weaker than the su lfo n ic  acid. For 
these reasons, the w o rk  shows o n ly  tha t the am ount o f p y ro m e llitic  d ianhydride w h ich  
gives the h ighest co n d u c tiv ity  is  somewhere between 0.04 and 0.1 g.
R e la tive  v isco s ity  measurements enhance the argum ents set out above, as the re la tive  
v isco s ity  w ou ld  be expected to  a lte r i f  the success o f the chain extension reaction  was 
a ffec ting  co n d u c tiv ity . Because the re la tive  v isco s ity  does no t a lte r i t  w o u ld  seem tha t the 
chain extension proceeds to  the same extent in  each case. T h is w ou ld  show tha t the extent 
o f chain extension is governed b y  the trie thy lam ine  catalysis rather than the am ount o f 
anhydride added.
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3.4.3 Cyinel 350 as crosslinking agent
The results o f the C ym el 350 add ition  show tha t there is an op tim a l le ve l fo r p ro ton  
conduction. T h is is  consistent w ith  the idea tha t the film  m orpho logy is  p iv o ta l to  the 
conduction  m echanism . The cross link  ordering  o f po lym er chains th rough  cu ring  w ill 
in h ib it su lfo n ic  acid group aggregation in  the fin ished  membrane thus a lte ring  conduction  
pathw ays. The tri-fu n c tio n a l nature o f C ym el w ill enhance th is  e ffec t in  tha t there w ill be 
a fax* lo w e r p o s s ib ility  o f the cross link  tw is tin g  to  accommodate the in itia l chain p o s itio n  
i f  a ll three func tio n a l groups in teract. The steric e ffect o f th is , com bined w ith  the greater 
chain m o b ility  a llow ed  at elevated tem perature, w ill resu lt in  o rdering  o f  the po lym er 
chains to  accom m odate the end group reaction  rather than a strengthening o f the 
aggregated su lfo n ic  acid structure.
The acid catalysis o f the C ym el reaction was hoped to  p rovide  a pre-ordered m em brane 
thus e lim in a tin g  the problem s o f  chain m ovem ent during  the cu ring  process, bu t no film s  
w ere fo rm ed fro m  the systems studied. C atalysis by acetic and h yd ro ch lo ric  acids 
resu lted in  the po lym er dropp ing out o f  so lu tion  due to  the w ater content o f these acids 
and the to luenesu lfon ic  acid  samples resulted in  one gelation p rio r to  f ilm  fo rm a tio n  and 
the other in  w h ich  the film  d id  no t fo rm . The la tte r o f these was p robab ly  due to  the pre­
reaction  o f C ym el resu lting  in  hindrance o f the film  form ation.
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3.4 Conclusions
The use o f both types o f chain-extender studied is  w idespread and so the investiga tions 
presented in  th is  chapter have pu t pa rticu la r emphasis on the app lica tio n  o f chain 
extension to  the fab rica tio n  o f membranes fro m  sulfonated K M  180. In itia lly  the results 
were d isappo in ting , w ith  p ro ton  conductiv itie s  being affected by acid ch lo ride  chain 
extension and p y ro m e llitic  d ianhydride in h ib itin g  film  form ation.
W ith  use o f trie th y la m in e  as cata lyst the physica l appearance and robustness o f the film s  
im proved and the use o f p y ro m e llitic  anhydride a llow ed film  fo rm a tion , and thus im p lie d  
tha t the chain extension reaction was occurring . IR  spectroscopy o f  a m odel com pound 
reaction  gave evidence o f th is  and the sto ich iom etry o f the po lym er reaction  was probed.
The leve ls o f p y ro m e llitic  d ianhydride and trie thy lam ine  added to  the membranes was 
investigated w ith  respect to  p ro ton  co n d u c tiv ity  and re la tive  v isco s ity  and some 
in te resting  results found. The re la tive  v isco s ity  o f  samples seemed to  be independent o f 
the le ve l o f  p y ro m e llitic  d ian liyd ride  present, whereas the p ro ton  co n d u c tiv ity  was 
s trong ly  affected. T h is im p lies  tha t the extent o f chain extension is  governed by the leve l 
o f ca ta lyst added and fu rth e r strengthens the hypothesis tha t the reaction  o n ly  occurs 
w hen catalysed, although there w ill s till be an e ffec t o f reaction s to ich iom etry.
The in te raction  o f the end groups w ith  C ym el 350 showed a strong re la tionsh ip  between 
p ro ton  co n d u c tiv ity  and leve l o f C ym el present. T h is is supportive o f the hypothesis tha t 
the chain o rien ta tion  is key to  conduction pathways. The trifu n c tio n a l nature o f C ym el 
350 was seen as a possible fac to r in  the low ered co n d u c tiv ity  w ith  an in situ cu ring  step. 
A ttem pts to  pre-react the po lym er w ith  C ym el 350 resulted in  ge la tion  and cou ld  no t be 
cast. G e la tion  o f th is  system  was, how ever, used to  prove the continued presence o f the 
am ine endgroup a fte r su lfonation .
O f the three systems studied, the p y ro m e llitic  d ianhydride and C ym el systems have bo th  
been seen to  react g iven the correct cond itions w ith  C ym el seem ing no t to  re ta in  
e le c tro ly tic  group aggregation due to  its  trifu n c tio n a lity .
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Chapter 4: Crosslinking and other interactions via sulfonic acid groups
4.1 Introduction: Literature review of polymer crosslinking
C ross link ing  is  com m only used to  enhance physica l and chem ical s ta b ility  o f po lym ers 
and one o f  the m ost w e ll know n exam ples o f th is  is  the vu lcan isa tion  o f rubber. N a tu ra l 
rubber is  a s ticky  elastom er bu t w hen heated in  the presence o f  su lfu r i t  becomes less 
s ticky  and m ore durable. Th is is because the su lfu r crosslinks some o f the rubber chains 
thus h inde ring  th e ir m ovem ent past each other and g iv in g  a m ate ria l w h ich  reta ins its  
e la s tic ity  bu t has greater m echanical strength. The balance o f these properties is 
dependent 011 the cross lin k  density in  the fin a l m ateria l. A  h igh  c ro ss lin k  density in  
vu lcan ised rubber can lead to  a therm osetting po lyisoprene m a te ria l w h ich  has 
characteristics m uch m ore lik e  an engineering m ateria l than a so ft elastom er.
I t  m ay be unfavourab le  to  a llo w  crosslinks to  determ ine the o rien ta tion  o f m olecules in  a 
m em brane o f  the type w h ich  is requ ired fo r fu e l ce ll app lica tions as th is  m ay h inde r 
p ro ton  co n d u c tiv ity . Cross lin k in g  m ay also in h ib it membrane fo rm a tio n  via the so lvent 
casting m ethod em ployed in  th is  w o rk. For these reasons it  can be advantageous to  cure 
the m em brane once i t  has been cast. In  these cases a tten tion  m ust be pa id  to  the nature o f 
the side products o f the reaction  as they w ill be reta ined w ith in  the fin ish e d  m em brane. In  
fu e l ce ll operation the m em brane m ust re ta in  its  ba rrie r properties and im p u ritie s , w h ich  
can be washed ou t over tim e , m ay lead to  po ro s ity  in  the m em brane. T h is  fa c to r has 
caused problem s w ith  the life tim e  o f acid doped systems especia lly  in  m ethanol fu e lle d  
system s1.
In  c ross lin k in g  care m ust be taken to  ensure tha t it  is the p ro ton  conducting  groups tha t 
aggregate in  preference to  the cross link ing  groups. In  some cases i t  is  an induced 
aggregation o f the ac id ic  groups w h ich  leads to  the m embrane s ta b ility  o r enhanced 
p ro ton  co n d u c tiv ity . P o lye lectro ly tes can also be crosslinked b y  io n ic  in te ractions w ith  a 
dopant and chem ical cross lin k ing  via end groups o r via side chains as was discussed in  
the previous chapter.
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The m ost com m only used po lye lec tro ly te  is  N a fio n  and its  structure is  he ld  secure b y  the 
nature o f  the m ateria l. The su lfo n ic  acid groups w h ich  p rovide  the p ro ton  co n d u c tiv ity  
are present on side chains and i t  is these side chains w h ich  enhance the structure. In  th is  
case the aggregation o f su lfo n ic  acid groups in to  h yd ro p h ilic  regions causes entanglem ent 
o f the hydrophob ic backbones due to  the f le x ib ility  o f the side chains and thus results in  a 
strengthened structure2. T h is type o f structure lends its e lf to  sw e llin g  by m ethanol 
because i t  expands the h yd ro p h ilic  regions a llo w in g  i t  to  cross the m em brane in  m uch the 
same w ay as w ater, and protons, do. D oped membranes have the same prob lem  i f  the 
dopant is used to  aggregate the h y d ro p h ilic  groups3. The dopant can be prone to  leaching 
ou t o f the membranes under operating tim es and cond itions4. T h is  is a concern fo r a ll 
systems w here the po lym er is  made to  aggregate around an in troduced p ro ton  conductor 
o r ion . In  th is  study the m ateria l being investigated is no t being doped, e lim in a tin g  th is  
problem . A no ther strengthening m ethod is thus being sought in  th is  section o f the w ork .
E poxy resins are a class o f com poim d com m only used to  c ross link am ine ended 
polym ers. P o ly(a rylene  ether)s are blended w ith  epoxies fo r use in  h ig h  perform ance 
com posites. The general reaction is shown in  F igure  4.1.
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Figure 4.1 Reaction of epoxides with amine ended polymer
E poxide end groups can be app lied  to  a w ide  range o f o ligom ers to  g ive copolym ers and 
trifu n c tio n a l epoxide species are used to  g ive  branched systems w ith  a w ide  range o f 
therm al, m echanical and chem ical characteristics. U sua lly  the epoxy res in  is  m od ifie d  
w ith  fille rs , cu ring  agents, and other species to  g ive  the balance o f p roperties requ ired fo r 
the app lica tion . E poxy resins have been used in  blends w ith  other po lym ers to  strengthen
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them , bu t p ro ton  co n d u c tiv ity  in  K M  180 m embranes can be in h ib ite d  by cu ring  w ith  
epoxies, though m echanical strength is im proved. Reactions w ith  epoxide ended 
po lym ers can, how ever fo rm  routes to  copolym ers. One exam ple is the in c lu s io n  o f an 
am ine ended po lym er in  a siloxane m a trix  th rough reaction  w ith  the epoxy group in  the 
siloxane5.
These k inds o f in teractions w ill no t a ffec t p ro ton  co n d u c tiv ity  d ire c tly , bu t m ay reorder 
the po lym er h inde ring  the aggregation o f su lfo n ic  acid groups. I f  the leve l o f these groups 
in  the m em brane can be increased then i t  a llow s c ross link ing  to  occur in  a w ay w h ich  
m ig h t no t a ffec t the aggregation o f these groups.
O w ing  to  the nature o f  K M  180 and its  synthesis, there are three options fo r the 
m o d ifica tio n  o f the po lym er. The firs t op tion  is  to  crosslink, chain extend or 
copolym erise via the end groups on the po lym er as discussed in  C hapter 3, the second is 
to  m o d ify  the po lym er backbone in  some w ay w h ich  provides a site su itab le  fo r 
c ross lin k ing , and the th ird  is  to  c ross link  through the su lfon ic  acid groups w h ich  is the 
m ethod w ith  w h ich  th is  chapter is  concerned.
Kerres et al have developed a m ethod o f d isp ropo rtiona tion  o f su lfm ic  acid  groups 
stab ilised  using io n  exchange resin  to  g ive  chem ical crosslinks between these groups6. 
S u lfm ated/su lfonated po lysu lfon e  is fo rm ed via a m e ta lla tion  s u lfin a tio n  o x id a tio n  
reaction  and has a balance o f su lfina te  sa lt and sulfonate sa lt fu n c tio n a l groups. The 
cro ss lin k in g  reaction  is show n in  F igure  4.2.
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Figure 4.2 Crosslinking through sulfinic acid groups 
T h is m ethod o f cross lin k ing  requires a m o d ifie d  po lym er to  be used so th a t the s u lfin ic  
fo rm  o f the m em branes is possib le , bu t the membranes are crosslinked in situ and w ith  no 
b y  products other than w ater. A s discussed earlie r, the problem s associated w ith  w ater 
fo rm a tio n  m ay be outw eighed by the effects o f aggregating the rem ain ing  su lfo n ic  acid 
groups. A  s im ila r m ethod to  th is  was also proposed by Kerres et al. w here the 
S u lfina ted /su lfona ted  po lysu lfone  was crosslinked th rough lith iu m  su lfina te  groups using 
a d ihalogenated alkane7. The cross lin k ing  reaction  is shown in  F igure 4.3.
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a) Activation of sulfonic acid by carbonyl diimidazole
M N = \  9 / = NPolymer— -S— OH + [ j ---- 3
O
b) Conversion of sulfonyl imidazoles to sulfonamides 
0I / = N  Polymer— S— | + H2N R NH2
O
c) Side reactions form polyurea
N = \  9 / = N + H2N - R - N H 2
o oII / = N  „ , UPolymer— S— N* | +  Polymer— S - 0
0 . . 0+ z = N+
0IPolymer— S- 
O
-N— R— N -- S— PolymerH H |
OII-s-Io
+ HNn I
^N-pLN-R-N-^H.0
N =
:0
/ = N
Figure 4.4 Sulfonic acid crosslinking with carbonyl diimidazole
A  th ird  m ethod fo r the chem ical cross lin k ing  o f su lfu r con ta in ing  side chains on 
mem branes was reported by  N o lte  et a l8. T h is m ethod invo lves the a c tiva tio n  o f the 
su lfo n ic  acid side chains by  carbonyl d iim idazo le  w h ich  then a llow s the chains to  be 
crosslinked  using a d iam ine m olecule  (F igure  4 .4). T h is m ethod does, how ever, produce 
polyureas as a by-p roduct, bu t these are no t lik e ly  to  leach out o f the m em brane as the 
cross lin k in g  is an in situ process and they w ill be he ld  w ith in  it. Im idazo le  is also form ed 
as a by-p roduct and m ay leach ou t leaving  pores but, as it  shows p ro ton  conduction  o f  its  
ow n, im idazo le  m ay p rov ide  benefits to  p ro ton  co n d u c tiv ity  i f  i t  is  he ld  w ith in  the
n
m em brane. C arbonyl d iim idazo le  is also used to  cross link  sulfonated po lystyrene and 
Rannard et al. have used carbonyl d iim idazo le  to  fo rm  dendrim ers based on 
polycarbonates9. Part o f the dendrim er synthesis is  shown in  F igure 4.5. T h is  m ethod is 
ve rsa tile  and cou ld  be used to  g ive  a va rie ty  o f structures fo r h yd ro xy l ended polym ers. In  
a d d itio n  th is  chem istry cou ld  be u tilise d  to  g ive  branched structures through a 
com b ina tion  o f the c ross link ing  discussed earlie r w ith  th is  dendrim er chem istry. There is, 
how ever, the issue o f residua l im idazo le  in  the fin ished  mem branes, w h ich  m ay be 
present as im id a zo liu m  ions, though e ffects o f th is  in  po lysu lfone  m em branes have no t 
been reported.
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In  order to  use the su lfo n ic  acid  side chain on the po lym er as a crosslin lc ing  structure  it  
w o u ld  be advantageous to  increase the leve l o f su lfona tio n  in  the m ate ria l. In  chapter 2 
the o p tim isa tio n  showed tha t a good balance o f chem ical resistance and p ro ton  
co n d u c tiv ity  is  g iven by 0.85 su lfo n ic  acid groups per repeat u n it. The strengthen ing o f 
the m em brane by c ross lin k in g  o r chain extension w ill outw e igh the h y d ro p h ilic ity  o f an 
increased leve l o f su lfona tion . U sing  sulfonated m onom ers in  the synthesis o f 
po lysu lfones w ou ld  a llo w  the su lfona tio n  o f the deactivated rings ne ighbouring  the 
su lfone group.
M cG ra th  et al. have investigated the use o f sulfonated m onom ers in  the synthesis o f 
p o ly (a ry lene  e ther)sl ° and have show n tha t i t  is  possib le to  place su lfo n ic  acid  groups on 
the deactivated rings next to  a sulfone linkage by using sulfonated d ich lo ro  d iphenyl 
su lfone as m onom er in  the po lym erisa tion . T h is  a llow s tw o  su lfo n ic  acid  groups to  be 
added on e ither side o f the su lfone linkage  and w ou ld  thus a llo w  crosslin lc ing  via the 
su lfo n ic  acid groups w ith o u t loss o f degree o f su lfona tion  in  the po lym er com pared to  the 
standard su lfona tio n  m ethod. A s w e ll as extra  su lfo n ic  acid fu n c tio n a lity , anim ated
123
Chapter 4: Crosslinking and other interactions via sulfonic acid groups
m onom ers have been used to  g ive  am ine fu n c tio n a lity  in  order to  fo rm  branched 
structures 011 c ro ss lin k in g 11.
The a b ility  to  incorporate m any d iffe re n t structures is o f bene fit w hen ta ilo rin g  any 
m ate ria l to  f i t  the requirem ents o f an app lica tion . A  hyperbranched fo rm  o f po lysu lfon e  is 
kn o w n 12 and gives the a b ility  to  fo rm  com plex architectures fro m  a sulfonated po lym er 
(F igure  4 .6).
D espite  the fa c t tha t the lite ra tu re  reports a w ater soluble po lym er being obta ined by th is  
m ethod, i t  m ay g ive  options fo r adding s ta b ility  to  the m ateria l. Three d im ensiona l 
structure  can be obtained by in troduc ing  regions o f hyperbranching, bu t requires a 
re th in k in g  o f the synthesis as a w hole.
C reating a m ore com plex structure p rio r to  membrane casting cou ld  also requ ire  a 
d iffe re n t m em brane casting m ethod. B rom om ethyla tion  o f the arom atic backbone gives a 
m ethod o f c ro ss lin k in g 13 as seen in  F igure  4.7, bu t again th is  m ethod w ill requ ire  
considerable adaption o f the synthesis o f the po lym er.
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Figure 4.7 Hypercrosslinking of polysulfone 
In  add ition  th is  so ca lled  ‘hypercross link ing5 o f po lysu lfones does no t w o rk  as w e ll as in  
the cases o f po lystyrene and po lyxy lene  ow ing  to the deactivating nature o f  the sulfone 
group, p rec lud ing  the p a rtic ip a tio n  o f the tw o  neighbouring rings in  the cross link ing  
reaction. There is also the concern tha t a cata lyst is in vo lved  w h ich  m ay lead to  
im p u ritie s  in  the membrane.
A n  acid ch lo ride  crosslin lcing agent is suggested by W rig h t et al. 14 (F igure  4.8). 1,2- 
D ihydrocyclobu tabenzene-3,6-d icarbonyl d ich lo rid e  (X TA -C 1) has the acid ch lo ride  
fu n c tio n a lity  w h ich  has been discussed p rev ious ly  and w ill lead to  chain extension 
th rough  reaction  w ith  am ine ended polym ers, bu t in  th is  case a cyclobutabenzene group is 
a d d itio n a lly  inserted in to  the po lym er chain. U pon heating th is  group form s o- 
quinodim ethane th rough rin g  opening. T h is w ill lead to  subsequent c ross link ing  through 
th is  fu n c tio n a lity . T h is is a ve ry  appealing m ethod o f crosslin lcing the membranes as o n ly  
HC1 is  produced as a by-p roduct and th is  w ill be produced w hen the casting so lu tio n  is 
m ixed. A ssum ing tha t su lfo n ic  acid groups are s till able to  aggregate in  the m em brane 
a fte r chain extension, and that the chain extended po lym er is s till so luble in  th is  so lu tion , 
no by-p roduct is  form ed by th is  crosslin lcing. C uring tem peratures are, how ever, as h igh
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as 350°C  dependent on the m ateria l to  be crosslinked, and the synthesis o f th is  
m onom er15 is no t s tra igh tfo rw ard . Th is is therefore an expensive op tion .
Figure 4.8 Cross linking via XTA-C1 
A no the r in te rac tion  via su lfon ic  acid side chains has been reported by R ib o t et a l16. Th is 
in te rac tion  is  no t a cross link as we have been discussing above, bu t an io n ic  in te raction  o f 
the su lfo n ic  acid group w ith  b u ty ltin  hyd roxide  oxide. F irs tly  the in te ra c tio n  was reported 
fo r a sim ple system  o f b u ty ltin  hyd roxide  oxide and p -to luene  su lfo n ic  acid. 
C rysta llog raph ic  data were used to  prove the in te raction  in  con junction  w ith  119Sn N M R  
spectroscopy. In  the la te r w o rk  a m ethacrylate copolym er was form ed w ith  a 
d ifunc tion a lised  tin  cluster. The cluster was retained in  the fin a l po lym er a llo w in g  the 
e lectrosta tic fu n c tio n a lity  to  be used fo r crosslink ing . T h is po lym er was reported to  have 
a range o f properties w hen exposed to  various solvents.
These are a ll p o ss ib ilitie s  fo r in te raction  at the side chain fu n c tio n a lity  o f sulfonated 
K M  180. The use o f  su lfin a tio n  m ay y ie ld  a strengthened fu e l ce ll m em brane w ith  p ro ton  
co n d u c tiv ity  retained by the inc lus ion  o f sulfonated m ateria l, carbonyl d iin iid a zo le  m ay 
p rov ide  a strengthened membrane w ith  added pro ton  conducting species and the in c lu s io n  
o f b u ty ltin  hydroxide  oxide m ay g ive in te resting  pro ton  conduction properties th rough  the 
in c lu s io n  o f a m etal w ith in  the h yd ro p h ilic  regions o f the m em brane. These are the three 
options w h ich  were taken fo rw a rd  fo r fu rth e r study. S u lfona tion  o f the m onom er d ich lo ro  
d iphenyl sulfone (D C D PS) was also investigated.
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4.2 Experimental
4.2.1 Materials
C ym el 350 and K M  180 (M „ ~  12,000 gm ol"1) were supplied by C ytec Engineered 
M ate ria ls . A/TV-dim ethyl form am ide, h yd roch lo ric  acid (37% ) and s u lfu ric  acid (97% ) 
w ere obtained fro m  Fisher. jw a -T o lu e n e  su lfon ic  acid m onohydrate (99% ) and 
ch lo ro su lfo n ic  acid (C S A ) (97% ) were supplied by A cros O rganics. T rie thy lam ine  (T E A ) 
(99% ), p y ro m e llitic  d ianhydride (P M D A ) (97% ), acetic acid (A cO H ) (99.99% ), 1,1- 
ca rbonyld iim idazo le  (C D I), diam inohexane (98% ), « -bu ty l lith iu m  (10M  so lu tion  in  
hexane), d ichlorohexane (98% ), d ich lo ro  d iphenyl sulfone (98% ), sodium  su lfite  (98% ), 
D ow ex ion-exchange resin  and b u ty ltin  hyd roxide  oxide hydrate (97% ) were supplied by 
A ld ric h . A ll reagents w ere used as received. S u lfona tion  o f K M  180 was carried out using 
C SA  and by the standard m ethod detailed in  Chapter 2.
4.2.2 Analysis
Spectroscopic analysis o f samples by N M R  and IR  spectroscopy w ere carried  out as 
reported in  chapter 2 (S ection 2.2.2) . Im pedance spectroscopy was also carried  out as 
reported in  chapter 3 (S ection 3.2.2.1).
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4.2.3 Sulfonation of monomer to boost acid content
In  order to  boost the num ber o f su lfon ic  acid side chains, as preparatory w o rk  fo r th e ir
p o ten tia l use fo r c ross link ing  the po lym er, d i-su lfona tio n  o f d ich lo ro  d iphenyl su lfone 
(D C D PS) (a m onom er in  the synthesis o f K M 180 ) was attem pted. G eneral synthesis is 
show n in  F igure 1,6. DCDPS (5 g, 0.017 m o l.) was d issolved in  ch lo ro su lfo n ic  acid  (20 
cm 3, 0.3 m o i.) and s tirred  fo r 24 hours under n itrogen. A fte r th is  tim e  the reaction  was 
quenched by adding to  ice co ld  m ethanol (500 cm 3) over 1 hom*. A  w h ite  p recip ita te  was 
form ed, iso la ted by vacuum  filtra tio n  and washed w ith  fu rthe r m ethanol. The com bined 
filtra te s  were then extracted w ith  ch lo ro fo rm  w h ich  was then rem oved by ro ta ry  
evaporation to  y ie ld  a colourless o il. The o il was then recrysta llised  fro m  m ethanol to  
g ive  translucent needle lik e  crysta ls w h ich  were d ried  over phorphorus pentoxide under 
vacuum . B o th  products were analysed by both IR  and pro ton N M R  spectroscopies
4.2.4 Activation of acid groups with carbonyl diimidazole
C ross link ing  o f sulfonated K M  180 was attem pted through the su lfo n ic  acid  groups using
carbonyl d iim idazo le  (F igure  4.4). The reactions were carried out as fo llo w s . K M  180 (1 
g, 0.004 m o l. o f repeat u n it) was d issolved in  D M F  (4.5 cm 3, 0.1 m o l.) and carbonyl 
d iim idazo le  (C D I) was added in  the quantities shown in  Table 4.1. The so lu tion  was 
heated to  75°C  fo r 4 hours and d iam ino hexane was added (Table 4.1) before s tirrin g  at 
the same tem perature fo r a fu rth e r 16 hours. F ilm s were cast fro m  these so lu tions using 
the m ethod deta iled in  S ection 3.2.3.1. One sample (X L15 , Table 4.1) was quenched in to  
w ater and washed to  p rov ide  a so lid  sample fo r analysis.
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Table 4.1 Composition of carbonyldiimidazole crosslinked films
Sam ple SICM180 (g) C D I(g ) D iam ine (g) C om m ent
X L 5 1 0.1 0.3
X L 6 1 0.3 0.3
X L 7 1 0.6 0.3
X L 8 1 0.9 0.3
X L 9 1 1.2 0.3 N o F ilm
X L 1 0 1 0.6 0.1
X L11 1 0.6 0.3
X L 1 2 1 0.6 0.6
X L13 1 0.6 0.9
X L 1 4 1 0.6 1.2 W ater Soluble
X L15 1 0.6 0.6 Pow der sample
X L 1 6 1 0.6 N /A W ater unstable
4.2.5 Activation of KM180 by sulfination
In  order to  fa c ilita te  the cross link ing  o f K M 1 80 through sulfm ate groups, the po lym er
m ust firs t be sulfm ated and th is  was done in  the fo llo w in g  w ay. Tetrahydro fu ran  (T H F ) 
(300 m l) was dried over sodium  and d is tille d  and added to  an oven dried , three-necked, 
round-bottom ed fla sk  fitte d  w ith  s tirrin g , n itrogen  purge and gas in le t. To th is  was added 
K M  180 (5 g, 0.02 m o l. o f repeat u n it) and the resultant so lu tion  cooled to  -78°C . The 
po lym er was lith ia te d  by the care fu l add ition  o f /© butyl lith iu m  (5 cm 3, 0.05 m o l.) in  
hexane. A  co lou r change to  orange was observed upon the add ition  and the lith ia tio n  
reaction  was deemed to  have been com pleted w hen th is  was the persistent co lou r o f the 
reation. The su lfin a tio n  was affected b y  the creation o f su lfu r d iox ide  gas w h ich  was 
subsequently bubbled through the lith ia te d  po lym er so lu tion  fo r 2 hours. The gas was 
produced as fo llo w s .
A  dropp ing  funne l was placed in  the neck o f a Buchner fla sk  and the ou tle t o f the fla sk  
was connected to  the in le t on the lith ia tio n  reaction vessel via a three w ay tap. 
Concentrated hyd ro ch lo ric  acid (ca. 100 cm 3) was placed in  the dropp ing  funne l and
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sodium  su lfite  (ca. 5 g) was placed in  the Buchner flask. S u lfu r d io x id e  gas was produced 
upon s low  add ition  o f the acid to  the su lfite  and a llow ed to  bubble th rough  the lith ia te  
po lym er so lu tion  u n til a y e llo w  so lu tion  w ith  b row n precip ita te  was seen.
The K M 180  lith iu m  su lfina te  (L s K M ) produced above is then used to  produce a po lym er 
w h ich  is  crosslinked via the side chain re a c tiv ity . Tw o m ethods o f cross lin k ing  were 
studied, d ire c t crosslin lcing o f the po lym er side chains and the use o f a d iha lide  spacer.
4.2.5.1 Direct sulfinate crosslinlcing
A  m ix tu re  o f L sK M  and sulfonated K M  180 (Table 4.2) was d isso lved in  D M F  and 
s trong ly  p ro ton ic  io n  exchange resin  added. T h is was then stirred  under n itrogen  fo r 48 
hours. The resin  is then filte re d  out and the so lu tion  cast on to  a glass p la te using the 
m ethod described in  S ection 3.2.3.1
4.2.5.2 Sulfinate crosslinking with dihalide
In  th is  case a dichlorohexane crosslinker was used instead o f the io n  exchange resin. The 
am ount o f c ross link ing  agent used was varied  in  order to  get a better idea o f the m ost 
e ffe c tive  sto ich iom etry. The m ethod is essentia lly the same as fo r the d irec t cross lin k  
using io n  exchange resin  w ith  a m ix tu re  o f su lfina ted  and sulfonated po lym er being 
d isso lved in  D M F , d ichlorohexane added, and the reaction stirred  fo r .48 hours before 
be ing spread on a p late and dried.
Table 4.2: Composition of sulfinate containing membranes
Sample Sulfonated 
KM180:Sulfinated 
KM180 (g)
Crosslinking agent 
(weight, g)
DMF (cm3)
XL21 3:3 Ion Exchange resin (4) 6
XL22 4:2 Ion Exchange resin (4) 6
XL23 2:4 Ion Exchange resin (4) 6
XL24 6:0 Ion Exchange resin (4) 6
XL25 0: 6 Ion Exchange resin (4) 6
XL26 3:3 Dichloro hexane (1) 6
XL27 3 : 3 Dichloro hexane (1.5) 6
XL28 2:4 Dichloro hexane (1.5 ) 6
XL29 4:2 Dichloro hexane (1.5 ) 6
XL30 0:6 DCH (1,5) 6
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4.2.6 Studies on butyltin hydroxide oxide
In  order to  investiga te  the in te raction  o f b u ty ltin  hydroxide  oxide w ith  sulfonated K M 180
the fo llo w in g  was carried out. A  d ry , three necked, round bottom ed fla sk  was fitte d  w ith  
n itrogen  purge and s tirrin g . To th is  fla sk  was added sulfonated K M 180  (1 g, 0.004 m o l. 
o f  repeat u n it), b u ty ltin  hyd roxide  oxide (0.2 g, 8.5x1 O'4 m o l.) and D M F  (25 cm 3). The 
so lu tio n  was then heated to  120°C fo r 16 hours a fte r w h ich  it  was cooled to  room  
tem perature. The so lu tion  was then a llow ed to  evaporate fro m  a p e tri d ish  fo r a fu rth e r 24 
hours. The sample was analysed b y  p ro ton  N M R  spectroscopy and IR  spectroscopy.
Subsequently film s  were made in  order to  investigate the e lectron ic properties. T h is  was 
done in  the fo llo w in g  w ay. A  d ry, three necked, round bottom ed fla sk  was fitte d  w ith  
n itrogen  purge and s tirrin g . To th is  fla sk  was added sulfonated K M 180  (1 g, 0.004 m o l. 
o f repeat u n it), b u ty ltin  hyd roxide  oxide (as shown in  Table 4.3) and d im e th y l form am ide 
(4.5 cm 3). Solutions were then heated to  120°C fo r 16 hours a fte r w h ich  they w ere cooled 
to  room  tem perature. F ilm s were then cast and d ried in  the same w ay as deta iled in  the 
sections above.
Table 4.3 Composition of butyltin hydroxide oxide modified films
Sample ICM 180 (g) BuSnO HO  (g) F ilm
SN01 1 0.1 Y
SN02 1 0.5 Y
SN03 1 1.0 Y
SN04 1 2.0 Y
SN05 1 4.0 N
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4.3 Results and discussion
4.3.1 Sulfonation of monomer
The p ro ton  N M R  spectra o f the tw o  products o f th is  reaction revealed tha t the w h ite
pow der in it ia lly  obtained by the quench was in  fact the sulfonated p roduct whereas the 
m ethanol so lub le  product was the unsulfonated fo rm . Th is was shown by the change o f 
tw o  doublets (7.94 ppm , 7.64 ppm ) in to  m u ltip le ts  (-8 .3  ppm , -7 .9  ppm , -7 .6  ppm ).
Figure 4.9 Aromatic region of the proton N M R  spectra of DCDPS and sulfonated DCDPS
IR  spectroscopy also bore out these find ings  as the su lfon ic  acid group stretch (1235 cm" 
l) was present in  the sample obtained from  the quench and no t in  tha t obtained fro m  the
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recrys ta llisa tion . Tw o products were obtained in  the ra tio  12:13 (m oles), su lfonated: 
unsulfonated, m ono and d i-substitu ted  products were no t able to  be separated easily.
Figure 4.10 Proton ‘types’ in sulfonated dichloro diphenyl sulfone
D espite the com plex spectrum  o f the sulfonated product, i t  was clear tha t there were three 
arom atic p ro ton  types (H a, H b, He F igure  4.10) in  the N M R  spectrum  com pared to  the 
tw o  fo r the unsulfonated fo rm  (H a, H b). The com p lex ity  o f the spectrum  w ill derive  fro m  
the presence o f m ono and d i-substitu ted  DCDPS g iv in g  an average o f the tw o . The 
unsulfonated fo rm  also m atched the spectrum  fo r s ta llin g  m ateria l. The presence o f the 
characteristic  su lfo n ic  acid bands in  the IR  spectrum  (-1235  cm '1) o f the sulfonated 
product con firm s the N M R  spectroscopy conclusions. The ra tio  o f the tw o  products is 
poor w ith  regal'd to  the success o f reaction, bu t th is  is not concerning as a po lym er 
synthesised fro m  e n tire ly  sulfonated DCDPS w ou ld  m ost p robab ly be w ater soluble. The 
concern comes fro m  the d iffe rence in  s o lu b ility , w h ich  o n ly  a llow s the products to  be 
iso la ted via a com plicated w o rk  up in  the case o f the unsulfonated fo rm . The technique 
w o u ld  need extensive op tim isa tion  to  a llo w  iso la tio n  o f both products s im ultaneously in  
order to  fo rm  a reaction  m onom er fo r a d irec t synthesis o f a sulfonated po lym er, A  
know n  su lfona tion  technique using fum ing  su lfu ric  acid17 w o u ld  g ive  h igh  y ie ld  o f 
su lfonated product (w ith  m in im a l unsulfonated product) and w ou ld  be best to  use fo r 
po lym erisa tions w ith  sulfonated m onom ers.
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4.3.2 Activation of acid groups with carbonyl diimidazole
Table 4.4 shows the conductiv itie s  measured fo r the va ria tion  o f s to ich iom etry  in  the
d iam ine :carbonyl d iim idazo le  cross link ing  system.
Table 4.4 Impedance spectroscopy results of carbonyl diimidazole cross linked films
Sample Conductivity
(Scm'1)
CDI
(9)
Diamino
hexane
(9)
XL5 8.69E-06 0.1 0
XL6 8.93E-06 0.3 0
XL7 1.81E-05 0.6 0
XL8 3.59E-05 0.9 0
XL9 N/A
XL10 1.47E-05 0.6 0.1
XL11 1.82E-05 0.6 0.3
XL12 1.67E-05 0.6 0.6
XL13 1.64E-05 0.6 0.9
XL14 N/A
XL15 N/A
XL16 N/A
The results are m ore easily in terpreted fro m  F igure 4.11 w h ich  shows the va ria tions o f 
each com ponent in  re la tio n  to  the pro ton  co n d u c tiv ity  achieved.
Reagent addition (g)
Figure 4.11 Effect of reagent additions on proton conductivity of carbonyl diimidizole cross linked films
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C ross link ing  via su lfon ic  acid groups was expected to  g ive a m ateria ls w ith  low e r le ve l o f 
p ro ton  conduction  com pared to  sulfonated K M  180, th is  was seen in  the w o rk  carried out 
on carbonyl d iim idazo le  systems. The add ition  o f m ore carbonyl d iim idazo le  than was 
necessary fo r crosslin lcing was seen to  g ive  an increased co n d u c tiv ity  u n til m em brane 
fo rm a tio n  was im possib le  due to  the lack o f free su lfon ic  acid to  aggregate (K M 180  does 
no t fo rm  film s  in  th is  w ay unless sulfonated). Th is increase m ay be due to  the active  
aggregation o f su lfo n ic  acid  groups by the crosslin lcing reaction, bu t m ay also be a fac to r 
o f the im idazo le  im p u rity  present fro m  the reaction. I t  is m ore lik e ly  tha t the la tte r is true 
as the aggregation o f su lfon ic  acids is lik e ly  to  resu lt in  a c ross link  and thus no t 
con tribu te  to  p ro ton  conduction  and provide  m ore steric constra in t on the aggregation o f 
rem ain ing  acid groups.
W hen the activated po lym er was exposed to  d iam ine, the increase in  leve ls o f d iam ine 
appeared to  have litt le  e ffec t on the pro ton  conduction. T h is is  p robab ly  because any 
residua l d iam ine w ill no t a id  the p ro ton  conduction and thus the le ve l o f conductive 
response w ill depend pu re ly  on the le ve l o f side-chain reaction and no t e x p lic itly  the leve l 
o f d iam ine w h ich  has been added to  the m embrane.
The results o f these tw o  reactions are com pared in  F igure 4.11 dem onstrate tha t the 
p ro ton  conduction  o f the membrane w ill decrease w ith  reaction o f the p ro ton  conducting 
groups as w ou ld  be expected. The add ition  o f im idazo le  im p u rity  seems to  boost p ro ton  
conduction bu t th is  is no t expected to  be a long  lasting  e ffect as it  w ill d ifuse  through the 
m em brane along w ith  any protons o r water.
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4.3.3 Activation of KM180 by sulfination
Table 4.5 Proton conductivity of polymer membranes after cross linking via sulfinate groups
Sample Proton conductivity (S cm"1) Method Film
XL21 2.87E-06 IER Y
XL22 3.26E-06 IER Y
XL23 N/A IER Gelation
XL24 4.13E-06 IER Y
XL25 N/A IER Gelation
XL26 9.20E-06 DCH Y
XL27 7.64E-06 DCH Y
XL28 N/A DCH Gelation
XL29 7.04E-06 DCH Y
XL30 N/A DCH Gelation
The su lfin a tio n  o f the po lym er was m onitored by observation o f the co lou r changes 
associated w ith  the lith ia tio n  step. The in itia l orange co lour was replaced by a y e llo w  
w h ich  was as reported in  the lite ra tu re  fo r th is  reaction6,7. The subsequent reactions 
showed an increase in  reaction  m ix tu re  v isco s ity  as w ou ld  be expected fo r a c ross link ing  
reaction, w ith  some samples g e llin g  in  the reaction  vessel and being inso lub le  in  D M F . In  
these cases no film s  were form ed.
In  the cases where film s  were form ed, p ro ton  conductiv ities were recorded and are 
sum m arised in  F igure 4.12. For c ross link ing  via d isp roportiona tion  o f  the su lfina te  
groups, the data are p lo tted  as p ro ton  co n d u c tiv ity  versus ra tio  o f su lfina te  to  su lfonate 
po lym er and in  the case o f the d iha lide  reaction, the data are p lo tte d  as p ro ton  
co n d u c tiv ity  versus .the m o la r ra tio  o f su lfina te  to  d iha lide . These p lo ts  bo th  show  w hat 
w o u ld  be expected i f  the c ross link ing  reaction were successful, the le ve l o f p ro ton  
co n d u c tiv ity  should fa ll w ith  the leve l o f reaction  possible in  the system . In  the case o f 
the d isproportionated system , how ever, the le ve l o f pro ton  co n d u c tiv ity  m ay be fa ilin g  as 
a resu lt o f the su lfina te  im p u rity  in troduced. T h is m ay also be true  in  the other case, bu t 
the pretreatm ent o f membranes p rio r to  im pedance spectroscopy w ill rem ove the d iha lide  
and thus th is  w ou ld  no t be expected to  a ffec t those systems.
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Figure 4.12 Proton conductivity o f KM180 drop with sulfinate : dihalide/sulfonate ratio
These results do no t show the extent to  w h ich  the reaction has occurred, though the 
in a b ility  to  fo rm  film s  m ay be due to  the leve l o f reaction (o r in te raction ). The systems 
fro m  w h ich  no film  was form ed were those in  w h ich  large am ounts o f  su lfina te  w ere 
present. I f  the film s  had no t form ed on the p la te and le ft residue, i t  w o u ld  be reasonable 
to  assume tha t no reaction had taken place. The fac t tha t ge la tion  occurred w ith in  the 
reaction  vessel suggests m ore s trong ly  tha t the reaction  was occurring  and changing the 
s o lu b ility  o f the po lym er. C ross link ing  o f su lfina ted  K M  180 is thus a successful reaction, 
bu t the e ffe c t on p ro ton  co n d u c tiv ity  is c le a rly  undesirable.
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4.3.4 Interaction with butyltin hydroxide oxide (BTHO)
The in itia l reaction  w ith  b u ty ltin  hydroxide  oxide showed no ge la tion  upon standing fo r
24 hours though a film  was attained a fte r a fu rth e r 24 hour period. The analysis o f  th is  
film  was, how ever, inconclusive . IR  spectroscopy fa ile d  to  g ive  any evidence o f a new  
in te rac tion  and, upon com parison w ith  a spectrum  o f the starting  po lym er, a ll tha t was 
seen w ere tw o  extra  peaks (2927 cm '1, 756 cm '1) re la ting  to  the b u ty l group w h ich  was 
now  present. S im ila rly  the p ro ton  N M R  spectrum  showed a series o f broad peaks in  the
0.5-3.3 ppm  region, w h ich  w ou ld  re late to  the presence o f b u ty l groups, otherw ise the 
spectra were as w ou ld  be expected fo r sulfonated K M  180.
Table 4.6 Impedance spectroscopy results o f butyltin hydroxide oxide modified films
Sample Rv a (Scm‘) BTHO
SN01 0.75 4.35E-05 0.1
SN02 0.98 2.39E-05 0.5
SN03 1.14 9.62E-06 1
SN04 1.27 7.24E-06 2
SN05 1.58 4
The use o f b u ty ltin  hyd roxide  oxide was also hoped to  g ive  some in te resting  e lectrica l 
properties to  the resultant film s  through inc lus ion  o f a m etal centre, bu t p ro ton  
co n d u c tiv ity  measurements o n ly  showed a steep drop o f f  in  p ro ton  co n d u c tiv ity  w ith  its  
in c lu s io n  in  the film s  (F igure 4.13). The highest le ve l o f b u ty ltin  hyd rox ide  oxide added 
in h ib ite d  film  fo rm a tion  e n tire ly  though no ge la tion  was seen.
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Butyltin hydroxide oxide addition (mol / mol sulfonic acid groups)
Figure 4.13 Effect o f  butyltin hydroxide oxide addition on proton conductivity o f  SKM180 membranes
A ssocia ting  a m etal centre w ith  the su lfon ic  acid groups o f the po lym er was hoped to  
e ither add s ta b ility  to  the mem brane o r to  p rov ide  in teresting  e lectron ic e ffects. The 
s tructu ra l enhancem ent was never expected to  be as s tab ilis ing  as a chem ical crosslink, 
bu t the p o s s ib ility  o f m o d ifie d  e lectron ic properties made th is  in te rac tion  p o te n tia lly  
usefu l. P roton conduction fo r film s  conta in ing tin  was shown to  be less than tha t fo r film s  
o f the sulfonated po lym er its e lf and no in teresting  features were seen in  the im pedance 
spectra save fo r a lessening o f the conductive response in  the h igher add itive  content 
cases.
The IR  and N M R  results fro m  the product o f the in itia l reaction show  no evidence o f 
in te rac tion  and the sample w h ich  d id  no t fo r a film  form ed pow der w hen dried  ind ica ting  
tha t no in te rac tion  was occurring . The film s  w h ich  were analysed b y  im pedance 
spectroscopy showed no unexpected a c tiv ity  w h ich  was unexpected. A s im pedance 
analysed samples were pretreated to  rem ove any im pu ritie s  th is  w o u ld  p robab ly also have 
rem oved any tin  rem ain ing fu rth e r suggesting tha t the in te raction  suggested in  the 
lite ra tu re  was no t occurring  in  th is  case.
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4.4 Conclusions
The w o rk  carried out on su lfona tion  o f the m onom er DCDPS showed th a t i t  w o u ld  be 
possib le to  boost the su lfon ic  acid content o f the po lym er using th is  su lfonated m onom er. 
The resu ltan t po lym er w ou ld , how ever, become w ater soluble i f  its  m o lecu la r w e igh t o r 
backbone com position  were no t altered. The use o f th is  m onom er thus fa lls  outside the 
re m it o f th is  p ro ject though i t  is  im portan t to  m ention how  s tra igh tfo rw ard  such a 
m o d ifica tio n  w ou ld  be. T h is w o rk  c lea rly  shows how  the po lym er can be m o d ifie d  to  
boost p ro ton  conduction. The use o f fu m in g  su lphuric acid m ay be m ore stra igh tfo rw a rd , 
th is  m ethod also a llow s the separation o f mono and di sulfonated products.
C ross link ing  w ith  carbonyl d iim idazo le  has shown that the co n d u c tiv ity  o f the 
membranes is s ig n ific a n tly  im peded by  such reactions. In  the case o f the carbonyl 
d iim idazo le  o n ly  systems th is  drop in  co n d u c tiv ity  is compensated, in  some part, b y  the 
im idazo le  im p u rity  w h ich  rem ains. In  the other case, w h ich  is  p robab ly  m ore 
representative o f the long  te rm  co n d u c tiv ity  o f e ither system, the d iam ine provides no 
extra  p ro ton  co n d u c tiv ity  and the co n d u c tiv ity  o f  the system as a w ho le  rem ains fa ir ly  
constant.
The su lfm a tion  o f the po lym er led to  tw o  m ethods o f m od ifica tion . In  some cases no 
film  fo rm a tio n  was possible because the samples gelled before be ing cast under the 
standardised cond itions. T h is showed tha t the expected reaction was occurring  to  a lte r the 
s o lu b ility  o f the po lym er and thus suggests tha t th is  m ethod fo r strengthening the po lym er 
was successful. The drop in  p ro ton  co n d u c tiv ity  fo r both o f these systems also shows the 
reaction  as the drop in  p ro ton  co n d u c tiv ity  w ill be due to  the using up o f p ro ton  
conducting groups in  crosslink ing .
The in c lu s io n  o f b u ty ltin  hyd roxide  oxide  in  film s  d id  no t g ive  the expected change o f 
e lectron ic properties and, in  fact, the o n ly  evidence tha t w ou ld  suggest an in te rac tion  is 
tha t p ro ton  co n d u c tiv ity  fe ll w ith  in c lus ion  o f the tin  species. T h is m ay also, how ever be 
due to  the d ilu e n t e ffec t o f the b u ty ltin  hydroxide  oxide on the num bers o f p ro ton
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conducting groups. The film s  obtained d id  no t appeal* to  have been strengthened in  any 
w ay, i f  anyth ing , being m ore fra g ile  than the others. T h is w ou ld  suggest tha t any 
in te rac tion  o f the tin  species was upsetting the aggregation o f su lfo n ic  acid w h ich  a llow s 
ICM 180 to  fo rm  membranes in  th is  way.
The cross link ing  o f sulfonated K M 180  w ith  various agents has been shown to  p rov ide  
d iffe re n t film  properties and gives a good basis fro m  w h ich  to  im prove m em branes o f th is  
po lym er. In  con junction  w ith  a boosted le ve l o f su lfon ic  acid, these m ethodologies m ay 
a llo w  the fo rm a tion  o f a stable and pro ton  conducting po lym er. The m ost successful 
systems, how ever, are those w h ich  requ ire  considerable change to  the standard 
su lfona tion  and casting steps and w ou ld  thus require  a re th ink ing  o f the po lym er its e lf.
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Chapter 5: Stability tests and comparison of membrane compositions
5.1 Introduction
In  chapters 1-4 the lite ra tu re  re la ting  to  the fim c tio n a lisa tio n  and m o d ifica tio n  o f K M  180 
to  fo rm  a stable fu e l ce ll membrane has been review ed. M em branes have been prepared 
fro m  the m ost p rom is ing  o f the m ethods exam ined in  previous chapters. In  th is  chapter 
these m ethods o f fu n c tio n a lis in g  and strengthening the po lym er are com pared in  order to 
ascertain w h ich  are the m ost suitable fo r the po lym er. In  add ition  to  K M  180 sulfonated 
w ith  ch lo rosu lfon ic  acid, a h igh  m olecu la r w e igh t po lym er and su lfona tio n  using 
su lphu ric  acid are also compared. To e ffec t the com parison, s ta b ility  tests have been 
carried  out along w ith  gel perm eation chrom atography, Im pedance, IR  and N M R  
spectroscopies and d iffe re n tia l scanning ca lo rim e try. The m ethodologies com pared in  th is  
chapter are sum m arised below .
5.1.1 Sulfuric acid sulfonation
The su lfona tio n  o f K M 180  w ith  su lfu ric  acid is m entioned in  Chapter 1 and again in
Chapter 2. Th is m ethod requires the iso la tio n  o f  the po lym er fro m  its  po lym erisa tion  
so lven t p rio r to  su lfonation . The results obtained by th is  m ethod are consistent despite its  
be ing experim en ta lly  d iffic u lt. Th is is  the m ethod by w h ich  K M 180  is  m ore usua lly  
sulfonated and, as such m ust be considered in  any com parison o f p roperties o r types o f 
sulfonated K M 180. Th is m ethod has been used in  th is  section o f w o rk  fo r com parison 
w ith  the ch lo rosu lfon ic  acid su lfona tion  m ethod developed in  Chapter 2.
5.1.2 Chlorosulfonic acid sulfonation
The use o f ch lo rosu lfon ic  acid to  sulfonate po lyarom atic polym ers is w e ll know n in
lite ra tu re  and its  use fo r the su lfona tion  o f K M 180  has been reported in  C hapter 2. In  
order to  accurate ly com pare the m ethods reported w ith in  th is  thesis w ith  those used 
elsewhere, ch lo rosu lfon ic  acid sulfonated m ateria l is  included in  the com parative studies 
presented in  th is  chapter. I t  is m ateria l sulfonated by th is  m ethod w h ich  is used in  the 
chain extended and crosslinked systems.
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5.1.3 Chain extension
The use o f chain extension to  strengthen polym ers is investigated in  Chapter 3 and the 
m ethods w h ich  were selected fo r tr ia l in  tha t chapter are com pared to  the m ethods fro m  
other chapters here, w h ich  w ill g ive a better idea o f the m erits and drawbacks o f each 
m o d ifica tio n  m ethod. C hain extended systems are also com pared to  a h ig h  m o lecu la r 
w e igh t po lym er w ith  the same backbone structure as K M 180. Th is h igh  m o lecu la r w e igh t 
po lym er is  also com parib le  to  crosslinked systems.
5.1.4 Crosslinking
The c ross link ing  o f K M  180 by various means was investigated in  Chapter 4 and several 
m ethods have been taken fo rw a rd  fo r fu rth e r study here. C arbonyl d iim idazo le , C ym el 
350 and su lfina ted  K M  180 m o d ifie d  membranes are com pared to  chain extended 
m embranes and the base po lym er. A  h igh  m olecu lar w e igh t K M  po lym er is also 
com pared .
5.1.5 Molecular weight
In  order tha t a genuine com parison be made between chain extending m ethodologies and
the base po lym er, a h igh  m o lecu lar w e igh t po lym er w ith  the same backbone com position  
as K M 180  was used. Th is po lym er has a m olecu la r w e igh t o f 26,000 g m o l'1, ra ther than 
the 12,000 g m o l'1 o f K M 180. G el perm eation chrom atography results (discussed la te r) 
s tra ig h tfo rw a rd ly  a llo w  com parison o f the m o d ifie d  K M  180 samples i f  there are tw o  
know n m olecu lar w eights o f po lym er to  use as baseline figures.
I t  is hoped tha t the com parison o f these m ethods o f strengthening and su lfona ting  K M  180 
w ill a llo w  a greater understanding o f the ways in  w h ich  the po lym er can be m o d ifie d  in  
order to  fo rm  a m ore v iab le  fu e l ce ll m em brane. The w o rk  w h ich  is reported here ties 
together the w o rk  reported in  the other chapters and attem pts to  fin d  a m ethodology 
w h ich  w ill g ive  a h igh  q u a lity  mem brane. Th is w o rk  should also g ive  some in s ig h t in to  
the effects o f mem brane fo rm u la tio n  on the pro ton  co n d u c tiv ity  o f the m ateria l.
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5.2 Experim ental
5.2.1 Materials
K M 180  (M n 12000 g m o l'1), M ode l com pound (m -E S E D A ), C ym el 350 was supplied by 
C ytec Engineered M ate ria ls  Inc. R ara-To luene su lfo n ic  acid m onohydrate (99% ) and 
ch lo ro su lfo n ic  acid (97% ) w ere supplied by A cros O rganics. S u lfo lane (99% ) was 
supp lied b y  Lancaster. T rie thy lam ine  (T E A ) (99% ), p y ro m e llitic  d ianhydride  (P M D A ) 
(97% ), acetic acid (A cO H ) (99.99% ), 1 ,1 -carbonyld iim idazo le  (C D I), diam inohexane 
(98% ), /2-b u ty l lith iu m  (10M  so lu tio n  in  hexane), d ichlorohexane (98% ), D ow ex io n - 
exchange resin  and su lfu r trio x id e  (99% ) w ere supplied by A ld ric h . N,N-d im e th y l 
fonnam ide  (D M F ) (99% ), hyd ro ch lo ric  acid (37% ) and su lfu ric  acid  (98% ) supp lied  by 
F isher. A ll reagents w ere used as received.
5.2.2 Preparation methods
5.2.2.1 Chlorosulfonic acid sulfonation
A  d ry , three necked, round bo ttom  fla sk  was flushed w ith  n itrogen  and to  i t  added 50 cm  
o f su lfo lane . 5 g o f K M  po lym er was then disso lved in  the so lvent w ith  s tirrin g  w ith  
con tinu in g  n itrogen  purge. Once a ll po lym er was dissolved, 20 cm 3 ch lo ro su lfo n ic  acid  
was added to  the fla sk  and the fla sk  was heated to  85°C. Once at th is  tem perature the 
reaction  m ix tu re  was s tirred  fo r 8 Ins. The po lym er was then p rec ip ita ted  in to  2 dm  co ld  
w ater and a llow ed  to  s tir fo r 1 horn*. The suspension was then a llow ed  to  settle and excess 
w ater decanted, replaced and stirred . T h is was repeated tw ice . The so lid  was filte re d  and 
washed three tim es w ith  500 cm 3 ho t w ater, then dried , overn igh t, at 60°C  under vacuum .
5.2.2.2 Sulfuric acid sulfonation
The po lym er (5 g) was d isso lved in  concentrated su lphuric acid (50 cm 3^  and stirred  fo r 2 
hrs. A fte r w h ich  the so lu tio n  was s lo w ly  poured in to  co ld  w ater (2 dm  ) w ith  v igorous 
s tirrin g . The suspension was then a llow ed  to  settle and excess w ater decanted, replaced 
and stirred . T h is  was repeated tw ice . The so lid  was the filte re d  and washed three tim es
q  m
w ith  h o t w ater (500 cm  ). The po lym er was then d ried , ove rn igh t, at 60°C  under vacuum .
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S.2.2.3 Membrane preparation
C om positions o f the in d iv id u a l membranes are lis ted  in  table 5.1, bu t the general process 
fo r p reparing the membranes is as fo llo w s . S olutions o f reactants in  N,N- d im e thy l 
fo rm am ide (5 cm 3) w ere made and then stirred  under n itrogen fo r 16 hours. A fte r th is  
tim e  mem branes were cast fro m  these so lu tions in  the fo llo w in g  w ay.
A  clean glass p la te  was placed on a leve l surface and to i t  applied po lym er so lu tio n  (5 
cm 3). The so lu tio n  was then spread on the p la te  using a film  spreader w ith  gate he igh t o f 
400 pm . The film  was then covered, to  avo id  dust partic les, and le ft to  d ry  in  a ir. A fte r 
the film  had dried , residua l D M F  was rem oved by d ry ing  at 60°C  fo r 6 hours under 
vacuum . A t th is  p o in t the film s  were heated at 160°C  fo r a fu rth e r 4 hours before be ing 
soaked in  w ater to  fu lly  cure the membranes.
Table 5.1 Sample compositions for membrane samples
Sample Polymer weight
(g)
Sulfonation method Modified with/ weight
(g)
Membrane
formed?
SA KM 180 5 Sulfuric acid N/A N/A Yes
CSA KM180 5 Chlorosulfonic acid N/A N/A Yes
HMSA High Molecular weight 
KM
5 Sulfuric acid N/A N/A Yes
HMCSA High Molecular weight 
KM
5 Chlorosulfonic acid N/A N/A Yes
CDI KM I80 5 Chlorosulfonic acid Carbonyl Diimidazole 0.6 No
CDIDa KM I80 5 Chlorosulfonic acid Carbonyl Diimidazole 
Diamino hexane
0.6
0.3
Yes
PMDA KM180 5 Chlorosulfonic acid Pyromellitic dianhydride 0.4 Yes
CY KM 180 5 Chlorosulfonic acid Cymel 350 0.2 Yes
SFinAc KM 180
sulfinated KM 180
2.5
2.5
Chlorosulfonic acid +  
sulfination
Allowed to react on 
DOWEX ion exchange 
resin
N/A Fragmented
SFinDa KM 180
sulfinated KM 180/2.5
2.5
2.5
Chlorosulfonic acid +  
sulfination
Dichlorohexane 1 .0 Fragmented
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5.2.3 Stability Tests
5.2.3.1 Swelling experiments on modified membranes
C rosslinked membranes were placed in  sealed containers in  each o f fiv e  solvents fo r 30 
days and the dim ensions o f the m em brane section recorded at regu la r in te rva ls. Because 
the mem branes were so th in , i t  was necessary to  w e igh  them  dow n so as to  avo id  them  
cu rlin g  up. To th is  end a m icroscope slide covers lip  was placed on top  o f each sam ple 
and so lven t poured on top  o f th is . The solvents chosen were w ater, m ethanol, acetone, 
hexane and ch lo ro fo rm . I f  the sam ple ge lled o r d issolved it  was deemed to  have fa ile d  
th is  test.
5.2.3.2 Solvent uptake measurements
S w e llin g  was also measured in  atmospheres h u m id ifie d  w ith  w ater, m ethanol and 
ch lo ro fo rm . Separate desiccators (con ta in ing  no desiccant) had each o f the three solvents 
placed in  the bo ttom  part up u n til 1 cm  be low  the m etal g r ill. These w ere then sealed and 
le ft fo r 7 days u n til dew  was c le a rly  v is ib le  on the outside. Samples were then placed in  
each desiccator and the so lvent topped up. The samples were w eighed at regu la r in te rva ls  
over 30 days and so lvent topped up as required.
5.2.3.3 Stability to solvent
S ta b ility  to  so lvent was measured q u a lita tive ly  fo r a ll samples by  suspending strips o f 
each in  a va rie ty  o f solvents fo r 30 days and observing changes in  th e ir appearance. The 
solvents used were w ater, m ethanol, ch lo ro fo rm , 1M  aqueous h yd ro ch lo ric  acid  so lu tion  
and 1M  aqueous sodium  hydroxide  so lu tion . T h is was intended to  show  w hether the 
m em branes w ou ld  be affected by these cond itions from  the p o in t o f v ie w  o f degradation. 
I t  was deemed m ore im portan t to  keep these samples im m ersed in  the chosen so lvent than 
to  measure th e ir physica l properties. These experim ents w ill g ive  a good in d ica tio n  o f the 
e ffe c t o f solvents on the mem brane samples. T h is w ill a llo w  an estim ation  o f s ta b ility  to  
com m on solvents over an extended period.
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5.2.3.4 Temperature stability
The samples w ere also exposed to  110°C in  a ir fo r an extended period  o f up to  30 days in  
order to  show  w hat happened w hen kept at tem perature fo r an extended period  o f tim e . 
110°C was chosen as a re levant tem perature because th is  w ou ld  equate to  the operating 
tem perature o f a fu e l ce ll. Samples w ere deemed to  have fa ile d  w hen they came apart 
a fte r in it ia lly  cracking.
5.2.4 Analysis of samples
5.2.4.1 Gel Permeation chromatography (GPC)
G el perm eation chrom atography is a technique w h ich  separates species o f  d iffe re n t 
m o lecu la r w e ig h t o r fu n c tio n a lity . The sam ple, w h ich  contains a range o f m o lecu la r 
w e ights, is  passed th rough a co lum n o f porous gel w h ich  impedes the passage o f shorter 
chains w h ile  the longer chains, being to  large too in te ract w ith  the pores, pass unim peded.
C rosslinked o r fu n c tio n a l species can cause problem s in  th is  technique because there is a 
chance tha t they w ill becom e im m ob ilised  on the colum n. I t  is fo r th is  reason tha t a 
lim ite d  num ber o f the sam ples w ere analysed using th is  technique. The tw o  d iffe re n t 
m o lecu la r w e ig h t K M  po lym ers were analysed in  th e ir unsulfonated state, K M  180 chain 
extended w ith  P M D A  and C y m e l, and m odel com pound E S E D A  was reacted w ith  bo th  
C ym el and P M D A  in  a 1:1 m o la r ra tio  to  p rov ide  tw o  fu rth e r samples. A ll samples were 
made up at l% w t in  te trahydro fu ran  before analysis. Samples were e lu ted and analysed 
on a P Lge l 5p m ixed-d  co lum n w ith  an ER C -7510 re frac tive  index detector a t 10 
cm 3/m in  using a W aters 510 H P LC  pum p.
5.2.4.2 Differential scanning calorimetry (DSC)
D iffe re n tia l scanning ca lo rim e try  uses a m ethod o f heat flo w  m easurem ent based on a 
com pensation o f pow er. Sam ple and reference are heated separately by in d iv id u a lly  
co n tro lle d  elem ents, the pow er to  each is then adjusted in  response to  any therm al change 
in  e ither. T h is m ainta ins bo th  at the same tem perature. I t  is  the d iffe rence  in  pow er 
between the tw o  w h ich  is recorded and p lo tted  against the program m ed tem perature. 
Samples were prepared by p lac ing  in  a lum in ium  pans w h ich  were then he rm e tica lly
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sealed. Samples were heated fro m  35°C  to  350°C  at 10°K /m in  under 30 cm 3/m in  n itrogen 
flo w  before be ing cooled at 5 °K /m in  and reheated as before.
N M R  spectroscopy, im pedance spectroscopy and in fra red  spectroscopy were carried  out 
as deta iled  in  previous chapters.
5.3 Results and discussion
5.3.1 Swelling experiments
O f the crosslinked membranes o n ly  the carbonyl d iim idazo le  m o d ifie d  (C D I) and C ym el
350 m o d ifie d  (C Y ) systems form ed v iab le  membranes, the systems activated by use o f 
su lfina ted  po lym er were no t robust enough to  survive any leve l o f so lven t in te raction . 
The results show n be low  are thus o n ly  fo r the tw o  systems.
M eOH  
■— CFM 
Acetone 
-K-- Hexane 
-x - H 2 0
Time (Days)
Figure 5.1 Swelling o f Carbonyl diimidazole modified membranes in various solvents
The C D I system  (F igure  5.1) shows an in itia l sw e lling  in  ch lo ro fo rm  and m ethanol, 
w h ich  s w iftly  leve ls o ff, w ith  a s im ila r e ffec t in  water. The e ffec t in  w ater has a second 
sw e llin g  a fte r 10 days w h ich  m ay be a ttribu tab le  to  the loss o f some im p u rity  o r other 
species fro m  the m em brane rendering extra  su lfo n ic  acid sites availab le . Th is add itiona l
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sw e llin g  m ay also be expla ined in  term s o f a re laxa tion  o f the po lym er a llo w in g  m ore 
so lven t in to  the structure o f the mem brane. I t  is m ore lik e ly , how ever, tha t there is some 
fu n c tio n  o f the su lfo n ic  acid w h ich  becomes availab le  to  a c tive ly  a ttract w ater at th is  
p o in t otherw ise the e ffec t w ou ld  be seen in  a ll solvents.
Hexane also shows a tw o phase stepped sw e lling  w h ich  w ou ld  im p ly  tha t there is an 
in itia l sw e ll due to  the natu ra l uptake o f hexane by the m ateria l and then a m o lecu la r 
rearrangem ent occurs in  the mem brane to  a llo w  fu rth e r ingress o f so lvent. The sw e llin g  
in  the presence o f acetone shows a sim ple uptake and e q u ilib ra tio n  o f  so lvent w ith in  the 
m em brane.
550 -1-------------------------------------------------------------------------------------------------------------------------------
3Q0 -|— — ------------ 1-------------- 1---------- ,---------- 1
0 5 10 15 20 25
Time (Days)
Figure 5.2 Swelling of Cyinei 350 modified membranes in various solvents
The sam ple shown in  F igure 5.2, m o d ifie d  w ith  C Y , is no t a cross lin ke d  sam ple in  the 
same sense because the crosslinks are present at the ends o f the po lym er chains and the 
structure w ill be s ig n ific a n tly  d iffe re n t. C onsequently, th is  m em brane w ou ld  no t be 
expected to  sw e ll in  the same w ay. There is  no sw e lling  in  e ither w ater o r hexane, the 
sam ple in  w ater w o u ld  be expected to  have an in itia l sw e lling  w h ile  the membrane took 
up m oisture , bu t th is  was no t observed. The sample im m ersed in  hexane w ou ld  no t be 
expected to  sw e ll as i t  is  a non-po la r so lvent and th is  is w hat was observed. The sam ple 
in  acetone disso lved w ith in  24 hours.
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The sample im m ersed in  ch lo ro fo rm  in itia lly  shrank, possib ly  some o f the m em brane was 
d isso lved, bu t then sw elled. T h is is probab ly due to  the fact tha t some m oisture was 
reta ined in  the m em brane samples even a fte r d ry ing  and th is  was lo s t before the 
ch lo ro fo rm  was then taken up. T h is also helps to  exp la in  w hat was observed in  w ater and 
hexane. Hexane, being non-po la r, w ill trap the m oisture a lready contained in  the 
m em brane thus no sw e lling  is observed, w ater w ill no t sw e ll an a lready hydrated 
m em brane. O n ly  the sam ple im m ersed in  m ethanol had the gradual sw e llin g  tha t m ig h t 
be expected.
These results im p ly  tha t the C D I con ta in ing  system  disrupts the su lfo n ic  acid groups as is 
expected. W hat is no t expected is the suggestion that the chains rea lign  over tim e  in  
certa in  solvents thus g iv in g  a tw o  step sw e lling . One step fo r sw e llin g  due to  so lvent 
ingress to  the m em brane and one fo r draw ing  o f certa in  solvents in to  the m em brane by 
su lfo n ic  acid groups. T h is s trong ly im p lies  tha t the C D I system  has no t reacted bu t has 
the residua l im idazo le  associated w ith  the su lfo n ic  acid groups on the po lym er u n til the 
im idazo le  is replaced.
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5.3.2 Solvent uptake
The results of the solvent uptake experiments were normalised in order to make a fair 
comparison of the different samples used. The weight at each measurement was 
converted to a percentage of the weight prior to exposure to the solvent rich atmosphere. 
Densities o f solvents were not taken into account.
5.3.2.1 sKM180 modified with Carbonyl Diimidazole
CDIDa Chloroform 
CDIDa Methanol 
CDIDa W ater
Time (Days)
Figure 5.3 Gain in weight of CDIDa membrane system upon exposure to various solvents
The uptake o f atmospheric solvent by the CDIDa system is shown in Figure 5.3. 
Interesting to note about this system is that the weight fell upon exposure to chloroform. 
This could be due to any of a few factors. The sulfonamide functionality is most easily 
cleaved by this solvent, the base polymer easily dissolves in this solvent or there are 
residual imidazole species present which are dissolved by chloroform. It is most likely 
the latter is true. None of the other experiments carried out have shown a particularly 
high solubility o f ICM180 in chloroform and the sulfonamide crosslink is more likely to 
be cleaved by water or methanol than chloroform it may be expected that a crosslinked 
system would take up chloroform rather than dissolve in it.
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The weight gain in methanol and water is, however, encouraging as it shows that some 
functionality with an affinity for water remains. This could be the sulphonamide, making 
this system stronger than that with high levels o f sulfonation but at the same time 
attracting water which would be available to provide proton conduction. One sample in 
isolation cannot lead to conclusions, but this result is encouraging for the use of this 
system in fuel cells.
5.3.2.2 sKM180 modified by Cymel 350
The weight gain associated with the Cymel 350 system is more what would be expected 
from a crosslinked product. The weight gain caused by exposure to chloroform must be 
due to a swelling of the membrane caused by solvent uptake. This will be 
disproportionately large due to the density o f chloroform (1.5 g/cm3) compared to that of 
water (1.0 g/cm3) or methanol (0.79 g/cm3).
45 
40
-♦-CY W ater 
CY Chloroform 
-a-  CY Methanol
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Figure 5.4 Gain in weight of CY membrane system upon exposure to various solvents
Each o f the solvents seems to exhibit an initial uptake followed by a fall (or in the case of 
chloroform an equilibration). This strongly suggests that there is some feature o f the 
membrane morphology which allows uptake o f solvent molecules and can allow them to 
flow in and out before reaching an equilibrium (which in some cases was not reached).
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In the case o f water and methanol it could be that the end group interaction with Cymel 
350 was not a bond and thus the samples began to be erroded by the solvent.
5.3.2.3 sKM180 modified by PMDA
PMDA Chloroform 
PMDA Methanol 
PM DA W ater
Figure 5.5 Gain in weight of PMDA membrane system upon exposure to various solvents
The PMDA modified system swelled in chloroform to the point at which it was not 
possible to measure, and began to lose significant amounts of weight when exposed to 
methanol. In the case of water equilibrium was reached.
These results (Figure 5.5) suggest that the imide is not stable to chloroform and thus the 
sample swelled once this had had allowed the chloroform further into the structure. The 
eventual weight loss in methanol suggests that this system is also not stable to methanol 
and would be explained by a breaking of the imide, followed by uptake o f methanol to 
the consequent carboxylic acid sites and a final dissolving o f the membrane in the 
ambient solvent.
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S.3.2.4 High molecular weight KM polymer samples
In the case o f high molecular weight KM polymer sulfonated using the sulfuric acid 
technique (Figure 5.6) we can see some unexpected features. Methanol is taken up by this 
membrane until such a point as it appears to dissolve the membrane, whereas water 
immediately lowers the weight of the sample before an uptake o f solvent is seen. It is 
most likely, in this case that there is residual sulphuric acid present in the membranes 
which leaves over time thus giving the overall loss of weight. In the water case this 
happens almost immediately, whereas in the methanol case solvent is taken up before the 
sulphuric acid is removed. This is due to the greater affinity of water for sulfonic acid 
sites than methanol. Methanol will diffuse into the membrane before displacing the 
residual sulfuric acid but water will displace it first. Overall loss of weight is probably 
due to the loss o f sulfuric acid but there may be erosion of the membrane due to the 
acidity present. In the case o f chloroform it is likely that the residual sulfuric acid will 
lead to loss o f weight of the membrane sample.
HMSA Chloroform 
HMSA Methanol 
HMSA W ater
Time (Days)
Figure 5.6 Gain in weight of HMSA membrane system upon exposure to various solvents
The high molecular weight KM polymer membrane sulfonated using chlorosulfonic acid 
exhibits similar behaviour to that sulfonated using sulfuric acid (Figure 5.7). Methanol is 
taken up before loss in weight is seen whereas water displaces a heavier species before 
being taken up. Chloroform, again seems to erode the membrane over time.
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Figure 5.7 Gain in weight of HMCSA membrane system upon exposure to various solvents
The reasons for the retention o f acid species by these two membranes becomes clear 
when the lower molecular' weight polymer (KM 180) is studied. Chain entanglement and 
aggregation of sulfonic acid species in the high molecular weight material lead to more 
retention than in KM180 where the chain entanglement will be less due to the lower 
molecular weight.
5.3.2.5 Unmodified sulfonated KM180 systems
As discussed above, KM180 systems show similar characteristics to the high molecular' 
weight systems, but have a lowered retention o f acidic species from the sulfonation 
process. For this reason, and in both cases (Figures 5.8 and 5.9), the water uptake tends to 
an equilibrium without the initial loss in weight of the samples. Where this acidity effect 
is seen is in the methanol samples, thus the chlorosulfonic acid sulfonated system 
displaying a lesser stability to this solvent. In each case chloroform exposure will result in 
an eventual loss of weight though this happens more slowly in the KM 180 cases than 
those o f the high molecular' weight KM polymer.
157
Chapter 5: Stability tests and comparison of membrane compositions
Time (Days)
-+ -S A  W ater 
SA Chloroform 
SA Methanol
Figure 5.8 Gain in weight of SA membrane system upon exposure to various solvents
All o f the solvent uptake measurements show us something about the stability o f the 
membranes to these solvents. Comparison will be made with the other methods used later 
in this chapter (Sections 5.3.9 to 5.3.11).
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Figure 5.9 Gain in weight of CSA membrane system upon exposure to various solvents
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5.3.3 Stability of membranes
Table 5.2 Stability of the membranes to different solvents
Sample (see 
Table 5.1, 
page 148)
Water Acid Base Methanol Hexane Temperature
CSA Softens 
after 5 days
Softens after 5 
days
Softens after 5 
days
Softens after 3 
days
NA NA
Fails after 5 days
SA Softens 
after 5 days
Softens after 5 
days
Softens after 5 
days
Softens after 4 
days
NA Cracks after 
22 days
Fails after 5 days Fails after 
24 days
HMCSA NA NA NA NA NA NA
HMSA NA NA NA NA NA Cracks after 
5 days
Fails after 
24 days
CDI NA NA NA NA NA NA
PMDA Softens 
after 5 days
Softens after 5 
days
Softens after 5 
days
Softens after 6 
days
Softens after 
5 days
Cracks after 
15 days
Fails after 
31 days
Fails after 20 
days
Fails after 15 days Fails after 24 
days
CY Softens 
after 5 days
Softens after 5 
days
Softens after 5 
days
NA NA Cracks after 
9 days
Fails after 
20 days
Water
Acid
Bas
HMSAo
Cyo
PMDAo
SaoSaf 
CSAo ♦ * PMDAo 
CSAf
Sao
Methanol CSAo PMDAo 
Cyo
Hexune
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CSAo <| PMDAo 
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CSAo <j< PMDAo 
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PMDAo
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Figure 5.10 Stability of the membranes to different solvents (graphical representation of the stability 
results presented in Table 5.2, explanation in text below)
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Figure 5.10 is a graphical representation o f the results of the qualitative stability tests 
carried out (Table 5.2) and allows comparison o f those samples which showed signs o f  
failure or failed over the course o f the test. The tests are depicted as follows: 1st row 
Water, 2nd Acid, 3rd Base, 4th Methanol, 5th Hexane, 6th Temperature, ‘o’ and T  
suffixes describe onset of a change (the first signs of opacity or softening, or cracking in 
the case o f heated samples) and failure o f the sample (dissolving, or crumbling in the case 
o f heated samples) respectively. It is important to note that not all samples failed and thus 
the furthest point on the figure is not necessarily the best performing sample.
General trends seen are that the high molecular weight KM samples performed best in all 
cases but one. Upon exposure to heat the sulfuric acid sulfonated sample failed after 24 
days. The carbonyl diimidazole crosslinked sample also withstood all o f the conditions 
for the 32 days. Most concerning was the lack of resistance of the KM180 samples to 
methanol, both samples failed after only 5 days. This highlights the need to strengthen 
KM180 membranes for use in the fuel cell environment.
PMDA modified samples also showed disappointing performance, failing all but the base 
and heat tests. This suggests that the membranes are aligned to the end group interaction 
and not to the sulfonic acid function thus, when the end group is attacked the membrane 
comes apart. This is not seen in the case of base or heat because base will not attack the 
membrane and heat will further cme the membrane if  it is not already fully cured.
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5.3.4 Gel permeation chromatography
The results obtained by gel permeation spectroscopy (figure 5.11) show clearly that there
are 3 molecular weights present in the range o f systems studied. This is as might be 
expected, 26000 gmol'1 for the high molecular weight KM, 12000 gmol"1 for KM180 and 
another relating to the reaction of the model compound.
Elution tim e (mins)
Figure 5.11 Gel permeation chromatograms for selected KM polymer systems
Using the baselines o f KM180 and the 26000 gmol"1 molecular weight equivalent KM 
polymer, we can see that these two molecular weights are present in the other systems. 
All but the high molecular' weight KM polymer show the KM 180 peak. This is surprising 
as two o f the samples contained no KM 180. This molecular weight is obviously 
particularly stable if  it is also made using the model compound. The Model 
compoimd/PMDA system also gives an even higher molecular weight peak and obviously 
is more successful. The results presented above show the kinds of molecular weights 
which are present in the samples tested in this chapter, and it is interesting to note that the 
molecular' weights involved seem to fall into only three types. Using model compound 
systems it would be expected that more intermediate molecular weights would be seen.
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5.3.5 IR spectroscopy
c
s
I</)cra
Wavenumber (cm )
•KM180.ASC
■ CSA sulfonated high mw km Cl end
—  HS010.ASC
—  H2S04 sulfonated high mw km Cl end
Figure 5.12 IR spectra of chlorosulfonic and sulfuric acid sulfonated samples of KM polymers
The comparison of spectra shown in Figure 5.12 shows that the high molecular weight 
KM polymer used for comparison with the chain extended systems is very similar to 
KM 180 and that there is no difference between the chemical structure of material 
sulfonated in the two different ways. Differences come from the solvents used in 
sulfonation and the difference in endgroup between the two polymers. There will also be 
lower resolution for the higher molecular weight material due to molecular inertia.
—  CDI.ASC — CDIDa — KM180.ASC
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Figure 5.13 IR spectra of carbonyl diimidazole modified samples of KM180
The comparison of sulfonated KM 180 with its carbonyl diimidazole modified counterpart 
(Figure 5.13) shows that the addition o f carbonyl diimidazole produces additional signals 
at around 3000 and 3300 cm"1. These are most probably due to the sulfonamide produced 
when the diamine is added to the carbonyl diimidazole system or the hnidazole-sulfone 
linkage when the sulfonic acid is activated with carbonyl diimidazole. Other than this the 
materials remain the same.
| —  KM180.ASC — SFinAC — SFinDi — SFinKM
Figure 5.14 IR spectra of sulfinated KM180 membrane systems
Sulfinated KM 180 systems seem to show little difference to sulfonated systems (Figure 
5.14) but, as these samples are made with sulfonated polymer we can see a broadened 
shoulder at around 1700 cm"1. This is more prevalent where the sulfinated polymer has 
been reacted and will relate to the sulfone linkage in these reacted systems being seen 
alongside the sulfone which is already present in the backbone. This suggests that the 
sulfinated polymer does not react as well with itself as it does with other species.
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IR spectroscopy o f PMDA systems is dicussed at length in Section 3.3.2.1 and so it will 
only be summarised here. An imide is seen to be formed upon heating o f PMDA 
modified membranes thus suggesting curing of the membranes by ring closure o f the 
imide.
5.3.6 Differential scanning calorimetry
The amorphous nature o f KM180 and the destabilising effect of the sulfonic acid side
chain mean that thermal analysis of unmodified membranes shows little other than the 
loss o f residual moisture at around 110°C (Figure 5.15). Some of the crosslinked and 
chain extended samples studied show other features under this technique.
Figure 5.15 DSC trace for KM180
In systems where a thermal curing reaction occurs, thermal analysis will show an 
irreversible change in response to heating. Thus the membrane systems where a reactive 
cure step is anticipated would show such a change. For each o f these systems (CDI, 
CDIDa, CY, SFinAc, SFinDiHal, PMDA) a more complicated DSC trace is observed. In 
the traces below the re-heat has been taken out, but in each case no response was 
observed upon reheating o f the sample.
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Figure 5.16 DSC trace for PMDA modified KM180 system
In the case of the PMDA system (Figure 5.16), we see an endothermic response at 75°C 
and then an exothermic response at 205-240°C. This would indicate the loss o f strong 
affinity for water occurs at a lower temperature in this system than in the sulfonated 
KM 180 case. This could be due to the loss o f water from the exposed carboxylic acid 
groups in the system. These then cure at just above 200°C to form the imide which is 
expected from this system (Figure 3.2). The imide cure is a small response because o f the 
low level o f end groups present in the polymer.
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—  CDIDA
Figure 5.17 DSC trace for carbonyl diimidazole and diamine modified KM180
The carbonyl diimidazole activated systems (Figures 5.17 and 5.18) show some distinct 
differences from each other. This gives some indication of how these systems are 
composed once the membranes have been cast. In the case o f the unmodified system 
(Figure 5.18), we see a loss of order (endothermic response), both at around 100°C and at 
around 190°C. This would indicate the loss o f water from the membrane and the 
subsequent melting of residual imidazole and diamine. The system with diamine (Figure 
5.17), however, shows a very strong exotherm at around 205°C which would suggest an 
ordering o f the membrane. The exotherm at 205°C is the curing o f the imidazole 
activated sulfonic acid groups with the diamine (see Figure 4.4).
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Figure 5.18 DSC trace for carbonyl diimidazole modified KM180
The Cymel activated system (Figure 5.19) does not exhibit the exotherm which would be 
expected from the cure of the endgroups with Cymel 350. This is confusing since this 
interaction has been used to illustrate the survival of the end groups after the sulfonation 
procedure. It can only be assumed that the acidity of the polymer bound sulfonic acid 
groups is not available to form this interaction. It may also be that the reaction disorders 
the membrane and thus we see the sharp endotherm at around 210°C. This may suggest 
why cymel modified membranes do not appear to provide the proton conductivities 
which were hoped.
167
Chapter 5: Stability tests and comparison of membrane compositions
Figure 5.19 DSC trace for Cymel 350 modified KM180
Similarly the acid activated sulfinated membrane (Figure 5.20) seems to show no 
exotherm, but a clear endotherm at a similar- temperature, which indicates that the Cymel 
350 KM 180 reaction also disorders the membrane. This endotherm may also correspond 
to the melting point o f this material under these conditions. Any material has a lowered 
melting point in the presence o f other species, which explains why this endotherm occurs 
in each case where no clear curing reaction is seen.
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Figure 5.20 DSC trace for sulfinated KM180 modified system
The case o f dihalide modified sulfinated KM180 (Figure 5.21) is an interesting one. It 
both exhibits the potential melting point discussed above, and a curing step.
Figure 5.21 DSC trace for sulfinated KM180 and dihalide modified system
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Thermal analysis has shown that there are many complicated processes occurring within 
these membranes, but some general points about the thermal properties o f these materials 
have been seen.
5.3.7 Impedance spectroscopy
The following impedance spectroscopy results were obtained for the samples discussed in
this chapter (Table 5.3). All values are averages (n=5).
Table 5.3 Conductivity of membrane samples
Sample Conductivity (Scm'1)
CSA 1.03E-05
SA 6.85E-05
HMCSA 2.33E-06
HMSA 2.82E-05
CDIDa 6.37E-08
PMDA 9.54E-06
CY 5.58E-06
SFinAc 6.61E-07
SfinDi 9.46E-07 ;
For comparison, these data are displayed graphically below.
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Figure 5.22 Graphical representation of conductivity results from table 5.3
We can see from the above (Figure 5.22 and Table 5.3) that most of the samples fall in 
the range 10‘6 to 10'4 Sem"1 with the most conductive samples being those sulfonated
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using sulfuric acid. As would be expected, the sample crosslinked via activation with 
carbonyl diimidazole is the least conductive. Next in conductivity are the sulfinic acid 
systems, which we would expect to be around half as conductive as the standard 
sulfonated samples because they begin with half as many sulfonic acid groups. 
Conductivity of these samples may also be affected by the poor quality o f the membranes 
formed from these systems.
It is interesting to note that the sulfuric acid sulfonated systems perform better than their 
chlorosulfonic acid sulfonated counterparts. Pretreatment of the membranes should 
remove excess acid in the membranes and thus the conclusion remaining is that the 
sulfuric acid sulfonated systems perform better. The levels of sulfonation present in the 
membranes are all within two percent o f each other and thus there is no reason why the 
sulfonation methodology would result in this difference in conductivity. It can only be 
assumed that the use o f sulfolane as reaction solvent in the sulfonation process is 
providing this difference. The sulfolane will associate with sulfonic acid groups on the 
polymer chain and thus affect their aggregation, which is the most probable reason for the 
difference in proton conductivity.
The Cymel and PMDA modified systems perform better than the high molecular weight 
KM equivalent. This is due, again, to sulfonic acid aggregation. Whereas the high 
molecular weight KM polymer has a straight chain constraining the aggregation o f  
sulfonic acid side chains, the Cymel system is trifunctional and thus allows greater 
freedom o f movement. Both systems were cured using heat once formed into membranes, 
and thus the aggregation of sulfonic acid sites can occur in parallel with the chain 
extension. In the case o f the high molecular weight KM only thermal rearrangement of 
the polymer chains allows for side chain aggregation.
5.3.8 NMR spectroscopy
NMR spectroscopy was used on all samples compared in this chapter but failed to
elucidate any further properties of the membranes for the following reasons. Levels of 
sulfonation were tested on all polymer used to prepare samples (using either sulfonation 
technique) and found to be within 1% of 85% sulfonation per repeat unit. The use o f
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sulfinated polymer distorts this issue and thus we cannot take degree o f sulfonation from 
this measurement. The fact that sulfonic acid is not seen under these experiments means 
that crosslinks via these groups cannot be seen. The endgroup interactions are also 
difficult to determine as the concentration of endgroups is very low.
5.3.9 Comparison of polymer molecular weights studied
To evaluate the molecular weights o f samples it is best to start by looking at the gel
permeation chromatography results. These show that there are three clear* molecular 
weights present in the systems evaluated; KM180 at 12000 gmol'1, high molecular weight 
KM at 26000 gmol'1 and one other. The PMDA modified system gives this other, higher 
molecular weight. In order to compare only these molecular weights the sulfuric acid 
sulfonated KM180 and high molecular weight ICM membranes can be compared with the 
PMDA modified system.
IR spectroscopy shows that the different methods of sulfonation provide a very similar 
product, whereas the PMDA modified system has its own, distinct, features. For the 
piuposes of comparison, it is the effects of solvent and heat on the membranes which are 
more relevant.
Immersing these samples in solvent showed that the high molecular weight KM polymer 
was stable to a range o f conditions, whereas PMDA modified system was susceptible to 
most o f the conditions. KM180 showed susceptibility to methanol and both KM polymers 
showed cracking when heated. These results seem to conflict with the atmospheric 
solvent results.
The solvent uptake of these systems can be explained in terms o f losses of residual 
reactants and solvents followed by subsequent replacement or erosion. The PMDA 
system proved vulnerable to erosion in chloroform and, less quickly, in methanol whereas 
the KM polymers showed greater stability, though all were vulnerable to these solvents. 
The main issue for the KM polymers seems to be residual acidity which will be discussed 
in Section 5.3.10. The difference between these results and those for the immersion tests 
is that the bulk order in a liquid hinders the transfer of molecules in and out o f
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membranes, the presence o f residuals within the membranes therefore hinders the ingress 
of solvents, thus giving a difference in the results.
Impedance spectroscopy shows that KM 180 conducts protons better than high molecular 
weight KM which conducts better than the PMDA system. This is consistent with the 
GPC results which show the highest molecular weight being present in the PMDA 
modified system. This effect will be due to the competition between chain length and 
sulfonic acid aggregation. The longer the chain length, the greater the resistance to 
movement and thus the less chance of forming a viable conduction pathway.
As would be expected, higher molecular weight polymer is more stable to the test 
conditions. The chain extension o f KM 180 with PMDA did, however, show that chain 
extension causes different properties due to the addition of different functionalities. Most 
important to note is that the longer chain membranes conduct protons less well than the 
shorter ones, thus giving concern for fuel cell applications.
5.3.10 Comparison of sulfonation techniques studied
Two different sulfonation techniques have been used in order to form a comparison. The
samples which allow comparison o f the two techniques are those of the high molecular 
weight KM and KM180 sulfonated using each o f the two techniques. IR spectra show 
little difference, as do NMR spectra, the main differences are seen in the stability o f 
membranes to common solvents and their proton conducting characteristics.
It would be expected that a membrane with a residual solvent such as sulfolane would be 
at risk from the polar solvents in which sulfolane dissolves but this is not seen in the 
solvent soaking experiments. The higher molecular' weight polymer is more stable to the 
conditions involved in those experiments, but no difference is seen between the two 
sulfonation techniques, as is the same for the ambient solvent experiments. In the case of 
temperature, however, the chlorosulfonic acid sulfonated systems seem to be the most 
stable though it is not clear why this would be so. It can only be surmised that residual 
sulfuric acid is more aggressive or that the chlorosulfonic acid systems aggregate better to
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form a more stable membrane due to the interaction of sulfolane with sulfonic acid 
groups.
Proton conducting characteristics of these membranes may also suggest why the sulfuric 
acid sulfonated systems are less stable to temperature. These samples conduct better than 
the chlorosulfonic acid samples. This is most probably due to the ability to retain acid (it 
cannot be due to the material itself as this is identical) or aggregate proton conducting 
groups. This would suggest that, because in all other respects the samples are identical, 
the presence o f residual sulfolane hinders the proton conductivity o f the membranes, even 
in the very low levels present after pre-treatment o f the membranes.
The results are disappointing, as they show that the chlorosulfonic acid ‘one-pot’ 
sulfonation system developed in earlier chapters does not provide as good a polymer for 
fuel cell applications as the sulfuric acid system.
5.3.11 Comparison of crosslinking and chain extension reactions studied
It is hard to compare the different crosslinlcing and chain extension systems studied here,
but it is important for any future work on this topic that it is done. The systems studied 
are PMDA, CY, CDIDa, SFinAc and SFinDa. It was disappointing that large enough 
membrane samples could not be formed from the sulfinated samples, this was attributed 
to the loss o f the sulfonic acid functionality which allows aggregation o f the membranes. 
These membranes are, thus, not fully investigated.
PMDA modified membranes are discussed in terms of their molecular weight in section 
5.3.9, but comparison to CY and CDIDa samples allows comparison of a chain extended 
system with an end group crosslinked system and a side chain crosslinked system. 
Comparison o f the spectral data would not be o f any benefit but it is in terms o f stability 
to solvents that these three will be discussed.
As we have discussed earlier, PMDA modified membranes are the most susceptible to 
solvent soaking, with CY modified membranes being the next. CDI membranes are, 
however, largely unaffected by any of the solvent atmospheres. This is because the test is
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designed to show the ingress of solvents into the aggregated sulfonic acid region, this 
region is not present in the CDI modified system if  all sulfonic acid groups have reacted, 
evidence o f which is seen in the difference in proton conductivity. The end group reaction 
with Cymel 350 is where the difference is found between the other two samples (CY and 
PMDA). The trifunctional nature o f Cymel 350 leads to an expanded structure where the 
order is formed, not only by the aggregation of sulfonic acid groups, but also by these 
crosslinks, again seen in the relative proton conductivities. In the PMDA system, the 
membrane is held in place by the aggregation o f sulfonic acid groups and then cured, this 
gives the effect of solvents on that aggregation a more destabilising effect. Swelling 
experiments also showed that the difference in CDI samples and CY samples was due to 
the difference in end group and sulfonic acid group reactions with the polymer.
The effect of ambient solvents shows what would be expected for these types of 
membranes, and is discussed in Section 5.2.3. What is interesting to note is that the 
affinity to water and methanol which is not expected to be present in the CDI system is 
shown. All three o f these system show different characteristics which would be o f use in 
a fuel cell membrane, though none show all o f the characteristics which are desirable.
5.4 Conclusions
In this chapter comparison has been made between molecular weight, sulfonation 
technique and methods of chain extending and crosslinking KM 180. This has been done 
by comparing the stability to common solvents under different conditions, spectral and 
thermal data and the proton conductivity of the samples.
It has been seen that higher molecular weight systems perform better in stability 
experiments, but that they provide lower proton conductivities. The chain extended and 
crosslinked samples also exhibit lower proton conductivities due to these interactions 
dictating the aggregation o f the films. The use of chlorosulfonic acid as a sulfonating 
agent also provides reduced proton conductivity due to the reaction being carried out in 
sulfolane.
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In conclusion, it has been seen that the aggregation of the sulfonic acid groups is the 
dictating factor in proton conductivity, and that the stability of the membranes is due to 
their molecular weight. This is what would be expected. The comparison of these systems 
gives greater insight into the specific factors needed to produce a stable fuel cell 
membrane from KM180.
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Chapter 6: Summary, conclusions and further work.
In the preceeding chapters the application of a poly(arylene ether), known as KM 180, to 
fuel cell technology has been discussed and investigated. Sulfonation, chain extension 
and crosslinking o f the polymer were used and the most successful systems were 
evaluated for stability and proton conductivity. The main conclusions o f these chapters 
are summarised below.
6.1 Summary
In Chapter 1 the aims of the thesis are set out and the literature relating to fuel cells, 
polyelectrolytes, poly(arylene ethers) and sulfonation is reviewed. KM 180 is also 
introduced as a material and the use of sulfonation to produce a polyelectrolyte is 
discussed. In Chapter 2 the discussion of sulfonation of poly(arylene ether)s is put into 
practice with 2 types of sulfonating agent (sulfonic acids and sulphur trioxide complexes) 
used in 2 different solvents (dichloroethane and sulfolane) and the combination o f these 
solvents being investigated. Sulfolane is chosen because it can also be the solvent for the 
formation of the polymer and leads to the possibility o f a ‘one-pot’ synthesis of the 
sulfonated polymer which eliminates the need for isolation of the polymer prior to 
sulfonation. The sulfuric acid sulfonation which can be used for KM 180 does not provide 
a satisfactory method because it cannot be used for a ‘one-pot’ system. The results 
presented in Chapter 2 show that the sulfonation of KM180 is best performed with 
chlorosulfonic acid as the sulfonation agent and sulfolane as the sole solvent. This 
reaction was then optimised to give a repeatable sulfonation system of 7.5 equivalents of 
chlorosulfonic acid, 8 hour reaction time, 85 degrees centigrade and sulfolane as solvent. 
These conditions were decided upon to give a balance o f sulfonation (85% per repeat 
unit) and processability of the product. Samples above this degree o f sulfonation tended 
to be difficult to isolate from the reaction.
In Chapter 3 the possibility o f an end group reaction to strengthen a ftiel cell membrane 
made from KM 180 was investigated and the literature relating to chain extension was 
reviewed. Acid chlorides and pyromellitic dianhydride, and Cymel 350 were chosen as
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potential chain extenders for KM180 and experiments on these systems carried out. The 
use of triethylamine catalysis was found to be necessary. The main conclusions from this 
work were that the catalysis was necessary and that Cymel 350 seemed to disrupt the 
proton conductivity due to its trifunctionality. Pyromellitic dianhydride gave the most 
stable products and the reaction stoichiometry was optimised with respect to proton 
conductivity. Other methods of strengthening the membranes were investigated in 
Chapter 4.
Crosslinking is used to strengthen or modify the properties of many polymers and 
literature relating to this is reviewed as an introduction to Chapter 4. Crosslinking of 
sulfonated KM 180 through sulfonic acid groups will lessen its proton conductivity and 
thus sulfonation of dichloro diphenyl sulfone was investigated as a potential monomer for 
synthesis of KM180. Three systems are investigated in Chapter 4, activation of sulfonic 
acid groups with carbonyl diimidazole, activation of KM 180 by sulfination, and ionic 
interactions with butyltin hydroxide oxide. Use of carbonyl diimidazole showed that, as 
was expected, reacting the sulfonic acid groups lowers proton conductivity, the same is 
seen for sulfinated systems. In the case of sulfinated systems it is also difficult to form 
films both because of gellation prior to casting and fragmetation of membranes. No clear 
conclusions could be drawn on the butyltin hydroxide oxide systems as it was unclear 
whether any interaction had occurred. In Chapter 5 the most successful systems from the 
previous chapters are compared.
Membranes were fabricated from the most sucessful of the systems reported in Chapters 
2 to 5. stability to common solvents, molecular weight and thermal analysis o f these 
membranes is reported in Chapter 5. These membranes are compared to membranes 
comprised of material sulfonated using sulfuric acid and a high molecular weight version 
of KM180. It is concluded that higher molecular weight polymers are more stable to 
solvent soaking but that they have lower proton conductivity. This is as would be 
expected on both counts due to the increased chain length giving greater stability but 
being a greater hindrance to chain aggregation. The use of sulfolane as reaction solvent is 
also seen to give a lowered conductivity owing to the retention of the solvent by the
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sulfonic acid groups. The use of chain extending and crosslinking methodologies also 
provides a lower proton conductivity but greater stability dependent on the solvent used. 
The main conclusion o f the chapter was that any modification which affects the ability of 
the sulfonic acid groups to aggregate to form conduction pathways is detrimental to the 
proton conductivity of the system.
6,2 Conclusions
The aims set out in Section 1.1 are to investigate the functionalisation of KM 180 to form 
the polyelectrolyte; to strengthen the material for use in a fuel cell environment; to form 
membranes from the material and evaluate their usefulness as proton conductors; to test 
the stability o f these membranes in various conditions. All of these aims have been 
addressed by the work reported in this thesis.
The functionalisation of KM 180 to form a sulfonated polyelectrolyte has been 
investigated by the studies on sulfonation. A convenient and repeatable method by which 
to sulfonate the material is reported. The chlorosulfonic acid method optimised takes into 
consideration the use o f sulfolane as a polymerisation solvent for KM 180 and the 
constraints of isolating the polymer by an aqueous quench. The use o f sulfolane results in 
aqueous waste rather than organic waste and thus provides some environmental benefit, a 
‘one-pot’ reaction further leads to less waste and a simpler process. The material which 
results has also been shown to exhibit proton conductivity.
Because o f the harsh conditions which a fuel cell provides, the strengthening o f the 
material by chain extension has been investigated. Cymel 350 has been used successfully 
to modify sulfonated KM 180 membranes through a trifunctional end group reaction but 
the trifunctionality o f this system leads to a reduction in proton conductivity. Carbonyl 
diimidazole and sulfmated polymer also show promise as strengthening agents, but the 
use o f the sulfonic acid functionality lowers proton conductivity significantly. The use o f  
pyromellitic dianhydride has shown promising results. This membrane system is, 
however, more susceptible to degradation in certain solvents but does show equivalent 
proton conductivity to KM 180 sulfonated with chlorosulfonic acid.
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A high molecular weight leads to greater stability but this also lowers the proton 
conductivity. The availability of sulfonic acid groups for conduction leads to a membrane 
structure which is open for the ingress of solvents and, subsequently, for attack by 
solvents thus weakening the membrane structure. While a robust methodology has been 
foimd for the functionalisation of KM 180 none of the options investigated for 
strengthening the membranes has provided a stable membrane for fuel cell applications. 
Several key points can be taken from the work. The aggregation o f sulfonic acid chains is 
pivotal for the proton conductivity of this material and it has been shown that this occurs 
best when the molecular weight is lower; impurities which may remain within the 
membranes also affect the aggregation of sulfonic acid groups and the conductivity; the 
sulfonation of ICM180 results in a material with very different properties. Other 
experiments could lead to a more stable membrane.
6.3 Further work
There are many experiments which time did not allow but which would have led to a 
greater understanding of KM180 membranes. Extended stability trials would show a 
failure for all membranes thus allowing full evaluation of this test. Infrared microscopy 
could be used to give an idea o f the distribution of sulfonic acid groups within 
membranes and to discover if  curing methodologies affect this. The use of sulfonated 
monomers to synthesise the polymer could have been used to provide a polymer with a 
different distribution of sulfonic acid groups along its length. It may be that placing the 
sulfonic acid group at a different point on the backbone would give different properties or 
that a polymer where sulfonic acid functionality is concentrated at a specific point on the 
chain allows better aggregation. Extending this further, a co-polymer with polyaniline or 
polybenzimidazole might give a better proton conductor without the loss o f stability. It 
would also be interesting to investigate the acid functionality comparing sulfonic acid 
with phosphoric, or other, acid functionality. Extending the optimisation of 
chlorosulfonic acid sulfonation to include the synthesis of the polymer would give insight 
into application o f this methodology.
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